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Abstract
USING OTOACOUSTIC EMISSIONS TO EVALUATE EFFERENT
AUDITORY FUNCTION IN HUMANS
by
Simon Henin

Advisor: Glenis R. Long, Ph.D.

The auditory system continually adapts to changes in the acoustic environment over
short periods of time. This fine-tuning of its dynamics is mediated in part by the medial olivocochlear (MOC) bundle, a neural feedback loop which aids in the regulation
of cochlear micro-mechanics. The ability to measure the response of the MOC system
in humans may provide significant insight into unique cochlear functions, such as its
sharp frequency selectivity and wide dynamic range. In humans the efferent system
can be investigated non-invasively using otoacoustic emissions (OAEs). However, how
OAEs can best be used to evaluate efferent function, the pitfalls associated with such
measurements, as well as the relationship between OAEs and perception are not fully
understood.
This dissertation presents three experiments that explore the use of OAEs to assess
efferent function in humans. The first study examined the advantages of separating
the major components of distortion product otoacoustic emissions (DPOAEs) when
evaluating efferent function using contralateral acoustic stimulation (CAS). CASinduced activation of the medial olivocochlear reflex (MOCR) was found to produce
both reductions and enhancements of total DPOAE level. Analysis of the separated
components of the DPOAE revealed that these changes could be accounted for by
the contribution of an efferent-induced phase change in the reflection component of
the DPOAE. In the second, analysis of DPOAE primary level and phase changes over
iv

a wide range of CAS levels used to induce MOCR revealed that middle ear muscle
reflex (MEMR) activation could be simultaneously monitored. CAS levels commonly
used to elicit MOCR could also elicit MEMR responses, which results in contamination of MOCR estimates. Finally, a novel technique to measure simultaneous OAEs
and masked behavioral thresholds is presented and used to investigate a perceptual
phenomenon thought to be associated with an efferent activation. While a direct association between physiological and behavioral masked thresholds was not observed, a
strong relationship was found between the physiological measure of masked thresholds
and a measure of CAS-induced efferent suppression, suggesting that although efferentmediated suppression of basilar membrane mechanics is related to the phenomenon,
more central mechanisms may be required to modulate the perceptual response.
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CHAPTER 1: Introduction

Feedback in sensory systems, such as hearing, is a fundamental way of improving sensitivity to relevant sensory information. In hearing, the efferent system plays
an important role in regulating the peripheral processing of sounds in the cochlea,
reducing the response to undesirable stimuli, such as background noise, and increasing the response to acoustically relevant stimuli. In the human auditory system, the
effects of efferent feedback on mechanics of the cochlea, as well as its downstream
perceptual consequences, is still not fully clear. This dissertation presents three separate experiments which examine the use of otoacoustic emissions (OAEs) to evaluate
efferent function in humans. Together, these experiments combine theoretical and
methodological questions tied together by a common thread: the use of otoacoustic
emissions to investigate efferent function in humans.

1.1

Otoacoustic Emissions

Acoustic energy entering the inner ear is transferred along the cochlea via a transverse wave, setting up a traveling wave along the cochlear partition. This wave
propagation is accomplished due to the gradual change in stiffness and width of the
basilar membrane (BM) along its entire length, which disperses the wave to a particular spatial location along the BM. This ‘tonotopic’ mapping of frequencies along the
BM maps high frequencies to the base of the cochlea and low frequencies to the apex.
Depending on the frequency of the originating pressure gradient across the cochlear
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partition, this transverse wave will travel along the BM where it is amplified as it
reaches its characteristic place (e.g. place of maximum vibration), which in turn, will
stimulate the surrounding sensory cells (inner/outer hair cells) of the Organ of Corti.
Amplification of this traveling wave is produced by the outer hair cells (OHCs)
of the Organ of Corti, mechanosensory cells whose hair bundle displacement along
with electromotile cell-body properties impart external forces (negative damping) to
the basilar membrane (Cooper et al., 2007; Neely and Kim, 2007). The ability of the
OHCs to produce sound induced amplification of the BM is thought to arise via two
distinct mechanisms (see Fettiplace and Hackney, 2006, for a review); (1) Deflection
of the OHC stereocilia opens mechanoelectrical transduction (MET) channels along
the cilia, quickly depolarizing the cell. This depolarization causes conformational
changes in a membrane protein prestin, modifying the length of the cell. These
somatic length changes impart a mechanical force (negative damping) on a cycle-bycycle basis. (2) Opening of MET channels is quickly followed by re-closing of the
channels by an Ca2+ influx. This rapid re-closing creates a spring-link twitching of
the stereocilia, producing a mechanical force capable of amplifying the BM response.
The gain provided by the cochlear amplifier exhibits a compressive non-linearity,
providing a large, nearly linear gain at low-levels, exhibiting a non-linear compressive
gain at moderate levels, and finally providing little to no gain at high levels (cf. Robles
and Ruggero, 2001). This mechanism of energy generation in the cochlea is referred
to as the ‘active mechanism’ and is a prerequisite for the sensitive and finely-tuned
mammalian auditory system.
Otoacoustic emissions (OAEs) are a physiological byproduct of this active amplification mechanism (Kemp, 1978). More specifically, otoacoustic emissions represent
mechanical leakage of the active mechanism back into the ear-canal, where they can
be recorded by a sensitive microphone. Evidence for the role of the active mechanism
in OAE generation comes from the fact that OAEs are diminished in chinchillas with
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the selective destruction of the OHCs, but are not significantly reduced by destruction
of the IHCs (Hofstetter et al., 1997). In addition, DPOAEs were found to be reduced
in a prestin knockout mouse model and abolished following death in both knockout
and wildtype controls (Liberman et al., 2004).
In humans, indirect evidence for the role of the OHCs in OAE generation is exhibited by the reduction of OAEs in subjects with sensorineural hearing loss associated
with OHC damage (e.g. Marshall et al., 2009), and the reduction of OAEs with the
application of known ototoxins targeted to degrade outer hair cell function (e.g. aspirin, see McFadden and Plattsmier, 1984; Long and Tubis, 1988; Brown et al., 1993).
Consequently, OAEs serve as an elegant non-invasive tool for investigating basic mechanical and physiological properties of the human ear.
OAEs are thought to result from at least two separate mechanisms; a linear coherent reflection-source in which mechanical perturbations along the BM produce a backward traveling wave and a nonlinear distortion-source in which the backward traveling wave results from the nonlinear interaction of stimulus components on the basilar
membrane (Talmadge et al., 1999; Shera and Guinan, 1999). In brief, reflection-source
emissions can be generalized as the backscattering of traveling wave energy by locally
distributed (e.g. near the peak of the traveling waves) mechanical irregularities, which
sum coherently to produce a backward traveling wave. Distortion-source emissions
are generated when stimulus components interact in a nonlinear system to produce
distortion components (e.g. intermodulation products). The distortion source produces both a forward (to the characteristic frequency place of the distortion product
frequency) and backward traveling wave along the basilar membrane.
Experimentally, evoked OAEs (EOAEs) provide a unique noninvasive assay from
which this mechanical leakage from the cochlea may be measured to assess cochlear
function. Examples of EOAEs include transient-evoked OAEs (TEOAEs) in which
the response to a transient click is recorded, distortion-product OAEs (DPOAEs)
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in which two tones are presented and the resultant distortion products recorded,
and stimulus-frequency OAEs (SFOAEs) in which the response to a single frequency
probe tone are recorded. DPOAEs, on the other hand, are thought to arise from both
sources: a generator component which arises from the non-linear interaction between
the two primaries at the region of maximal overlap, and a reflection component which
is produced by the linear backscattering of the generated distortion product (cf. Long
et al., 2008; Shera, 2004).

1.1.1

Measurement of OAEs

Traditional measurement of OAEs uses the presentation of discrete-tones (e.g.
single tones) to elicit OAEs (e.g. Kemp, 1978). Measurements using discrete tones are
particularly useful when the analysis of OAEs at a few single frequencies is desired,
or when one would like to investigate the evolution of the OAE over time (Relkin
et al., 2005, cf.). However, when measurements across several frequencies are desired,
then several measurements at discrete intervals are required, which may be timeconsuming.
OAE measurement typically requires the use of a sensitive probe microphone
and accompanying speaker assembly placed in the ear canal. OAEs are evoked and
recorded by the probe assembly, and emissions are separated from the recording
using various signal processing techniques. In the case of DPOAEs, the evoking
stimulus and resultant emission do not spectrally overlap, so that straightforward
spectral analysis techniques such as fourier analysis or least squares estimation are
sufficient (cf. Long et al., 2008). Similar analyses may be performed to extract short
duration emissions such as TEOAEs, as the emission and stimulus do not overlap
temporally. SFOAE measurement, however, poses a technical challenge because the
frequency of the emission overlaps spectrally and temporally with the measurement
stimulus. Several methods including two-tone suppression, spectral smoothing (or
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time-windowing), and compression have been shown to measure SFOAEs with relative equivalency (Kalluri and Shera, 2007). In addition, several approaches use a self
canceling stimulus technique, such as the nonlinear residual response method (Brass
and Kemp, 1991) and the double-evoked technique (Keefe, 1998), to extract the nonlinear component of the emission while canceling the stimulus as well as any linear
contributions to the SFOAE.
In a significant advance, Long et al. (2008) presented a method for OAE measurement using swept-tones, in which the eliciting tones were swept across frequency
rather then held constant at a single frequency. Using the inherent latency of the
evoked emissions (e.g. cochlear travel time), this technique enables separation of the
eliciting primaries from subsequent emissions based on a time-frequency analysis of
the recorded waveform using a simplified discrete-fourier transform based method,
known as a least-squares fit (LSF, see Appendix A for a brief analytical description
of the technique). Using this technique, estimates of the amplitude and phase of the
expected frequency components (e.g. primary, generator, reflection components) can
be extracted with high frequency-resolution, allowing for a more efficient method of
OAE measurement.
In addition to the gain in time-efficiency, this technique has the added advantage
of being able to separate the major sources thought to underlie OAE generation. For
example, by applying an LSF estimation of signal components with a fixed delay (e.g.
generator component) and frequency-dependent delay (e.g. reflection-component),
one is able to extract the unique contributions of both components. As the sources
of OAE generation are thought to arise from different underlying mechanisms (e.g.
DPOAE), and the relationship between each source may reflect different biophysical
properties (cf. Shera and Guinan, 2007), the ability to separate OAE components has
far reaching implications.
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1.2

The Efferent Auditory System

The mammalian auditory system has a centrifugal efferent circuit that modifies
the function of the cochlea. The olivocochlear bundle (OCB) sends neural projections
to the cochlea from the superior olivary complex. The OCB neural pathway has been
well described in cat (Warr, 1992; Warr et al., 2002) and has two distinct pathways
(see figure 1.1). Neurons located mainly in the lateral superior olive (LSO) send
unmyelinated projections along the inferior portion of the vestibular nerve (VIIIth
Cranial Nerve) primarily to the ipsilateral cochlea where they innervate the inner
hair cells (IHCs). Thick myelinated medial olivocochlear (MOC) projections travel
bilaterally to both cochleae and terminate on the outer hair cells (OHCs) of the
cochlea.
The function of these pathways has become the topic of considerable research in
the past few decades, as investigators attempt to describe their role in human hearing. As the thin, unmyelinated fibers of the lateral (LOC) pathway make them more
difficult to study, little is known as to their exact function, but it is thought that
they mainly play a role in protecting against acoustic trauma (Groff and Liberman,
2003). The MOC system, on the other hand, has received considerable attention.
Direct stimulation of the thick myelinated fibers make it a prime candidate for electrophysiological research (cf. Guinan and Gifford, 1988a,b), and the bilaterality of
the reflex makes it an easy target for acoustic stimulation in both animals (Kawase
and Liberman, 1993) and humans (Brown and Beveridge, 1997).
The MOC system comprises a neural pathway that can be activated either ipsilaterally or contralaterally. For both reflexes, interneurons from lateralized cochlear
nuclei send projections to MOC neurons across the midline. For the ipsilateral reflex,
afferent auditory neurons terminate in the ipsilateral cochlear nucleus (CN), where CN
interneurons send projections to the contralateral MOC neurons. The contralateral
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MOC neurons then send axons to the OHCs of the ipsilateral ear. For the contralateral reflex, interneurons from the contralateral CN project to MOC neurons on the
ipsilateral side. These MOC neurons then project to the OHCs in the ipsilateral
ear. While the exact pathways have not been fully characterized, selective legioning
of the CN suggests that these interneurons reside in the postventral cochlear nuclei
(de Venecia et al., 2005).

Figure 1.1: Schematic overview of the olivocochlear (OC) pathways. (Brown et al.,
2003)

MOC fibers act by inhibiting the activity of the OHCs. Innervation by MOC
fibers causes hyperpolarization of the OHC, reducing its intracellular operating point,
leading to a reduction of the active, force generating mechanism previously described.
In such a way, the MOC is in a position to provide a targeted decrease in the gain of
the cochlear amplifier.
Direct evidence for the role of the MOC system has come from electrically stimulating the OCB in anesthetized animals. Using a laser diode interferometer to measure
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BM displacement, OCB stimulation was shown to reduce displacement to tones by
approximately 27 dB, resulting in a more linearized input/output relationship (e.g.
less compression) (Murugasu and Russell, 1996). Inhibitory effects are also observed
at the level of the afferent auditory nerve, in which OCB stimulation results in a
dramatic decrease in discharge rate of individual auditory nerve fibers (Wiederhold
and Kiang, 1970). However, in a more complex acoustical environment, MOCR activation has been shown to have ‘anti-masking’ effects. For example, Kawase et al.
(1993) showed that acoustical activation of the MOC reflex (MOCR) with contralateral noise increased the discharge rate of single auditory nerve fibers to a masked
tone-burst, but decreased the response to a masker. The increase in discharge rate
to the masked-tone was attributed to a release from neural adaptation due to the
overall reduction in BM response due to MOCR inhibition. Therefore, one principle
role of the MOCR reflex is to reduce the auditory system’s response to continuous
background stimuli, but increase the response to transient stimuli.
Evidence of the suppressive effects of MOCR activation have also been observed
in OAEs when using acoustic stimulation to evoke the MOCR. As OAEs represent
a physiological by-product of the active mechanism, changes in recorded emissions
during acoustic stimulation provide an indication of efferent activity. Changes in
OAEs using acoustic stimulation of the MOCR have been reported by numerous
investigators (e.g. Berlin et al., 1993; Williams and Brown, 1997; Backus and Guinan,
2006).
The magnitude of MOC-mediated suppression of OAEs has been shown to be
dependent on numerous stimulus parameters. MOCR effects on OAEs have been
shown to be frequency dependent, with the largest MOCR effects exhibited at lower
frequencies, and in general range from 0-5 dB, depending on the type of MOCR
elicitors and OAE stimulus parameters used (Deeter et al., 2009; Goodman et al.,
2013; Lilaonitkul and Guinan, 2012). In addition, MOCR strength has been shown to
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be dependent on the type of acoustic stimulation used (e.g. ipsilateral, contralateral)
and bandwidth of acoustic elicitors used. For example, bilateral elicitors have been
found to produce the largest effects, followed by ipsilateral, then contralateral elicitors
(Lilaonitkul and Guinan, 2009a). MOCR effects have also been shown to increase as a
function of both elicitor bandwidth and elicitor level for all elicitor types (Lilaonitkul
and Guinan, 2009a,b; Deeter et al., 2009).

1.3

Psychophysical Measures of Efferent Function

While the effect of the MOC system on peripheral measures has been established,
far less is known about the perceptual consequences of this efferent feedback. Several psychoacoustical phenomena have been attributed to dynamic changes within
the cochlea regulated by the efferent MOC reflex pathway. For example, the ability
to understand speech in a noisy environment has been attributed to MOC-mediated
changes in cochlear compression, leading to an increased signal-to-noise ratio representation of target stimulus relative to the background noise environment. For
example, intensity discrimination was assessed in cats whose OCB fibers were bilaterally lesioned via surgical cut through the floor of the IVth ventricle. Compared
with baseline (pre-lesioning) results (May, 1994), intensity discrimination in quiet
was not adversely affected by lesioning while intensity discrimination in noise was
significantly worse. In healthy human ears, the presentation of a contralateral noise
used to activate the MOC reflex has been shown to increase speech-in-noise intelligibility, whereas, in subjects who have undergone a vestibular neurotomy, no gain in
speech-in-noise intelligibility is observed (Giraud et al., 1997). Vestibular neurotomy
involves cutting the vestibular portion of the VIIIth cranial nerve, which also carry
the MOC fibers, but leaving afferent auditory nerves intact, and therefore presumably
providing a human equivalent to lesioning OC neurons. In addition to these ‘antimasking’ effects, the MOC reflex has also been hypothesized to serve a protective
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function in the auditory system by reducing responses to loud sounds (Maison and
Liberman, 2000).
A similar phenomenon that has received considerable attention in the literature is
temporal overshoot (or sometimes just overshoot). In the presence of a long duration
masker (e.g. > 200ms), the threshold of a signal delayed from the onset of the masker
will be lower than if presented at the onset of the masker (Zwicker, 1965a). A similar
effect is also observed when a signal is preceded by another sound, or precursor
(e.g. see Strickland, 2001). Therefore, the term temporal effect has been used to
encompass both classes of experiments in which the detectability of a signal improves
when preceded by acoustic stimulation, or precursor.
As a signal is delayed from the onset of a masker, signal thresholds tend to decrease
systematically up to about 200-ms at which point thresholds do not significantly
decrease any further (Zwicker, 1965a). Typically, overshoot can vary from only a
few dB up to about 15 dB, depending on the stimulus paradigm used and subjects
tested. Overshoot has been found to be the greatest using mid-level maskers (Bacon
and Liu, 2000; Strickland, 2001, 2008). Overshoot has also been shown to depend
on frequency, with overshoot increasing with increasing frequency (Bacon and Savel,
2004; Strickland, 2001), consistent with evidence that filter shapes exhibit narrower
tuning at higher frequencies, the region thought to be most influenced by the cochlear
amplifier (e.g. Baker and Rosen, 2006; Glasberg and Moore, 2000; Patterson et al.,
1982). Additionally, when a notched-noise masker is used to measure the shape of
tuning, the addition of a broadband precursor appears to broaden tuning (Strickland,
2001). The broadening is greatest at higher frequencies, indicating that the sharper
tuning (or greater compressive nonlinearity) at higher frequencies is more affected by
the precursor.
Temporal overshoot is also observed when using notched-noise precursors, in which
both the precursor and masker have the same notch widths and do not overlap spec10

trally with the signal (Strickland, 2001, 2004, 2008). In this scenario, simultaneous
masking will result when the notch-width of the masker does not exceed a critical
band. The addition of a precursor with the same notch-width as the masker decreases
the masked signal thresholds relative to the threshold obtained with the masker alone
(overshoot). As the notch-width is increased this overshoot effect increases, especially
at higher signal frequencies (Strickland, 2004).
There has been a significant amount of debate over the past few decades regarding
the mechanism(s) involved in the temporal effect. An initial hypothesis stated that
the temporal effect was the result of neural adaptation (see for example, Bacon and
Healy, 2000). This hypothesis is supported by physiological data showing that the
response of an auditory nerve fiber diminishes shortly after the onset of a masker,
thereby increasing the signal-to-masker ratio necessary for detection of the signal
(Smith and Zwislocki, 1975). While this is an interesting hypothesis, it is unable to
account for the wide variety of scenarios in which the temporal effect is observed. In
particular, neural adaptation cannot account for the temporal effects observed using
off-frequency or notched-noise precursors with notch-widths larger than a critical
band. In this situation, the precursor would not excite fibers close to the signal
frequency.
As an alternative explanation, an MOC-mediated gain adaptation hypothesis has
been proposed, in which a precursor decreases the gain at the signal frequency (von
Klitzing and Kohlrausch, 1994). According to this hypothesis, the input-output characteristics of the basilar membrane are altered after stimulation and a decrease in
gain of the input-output function, in which the compressive nonlinearity provided by
the active process is reduced, would result in a more linear input-output function.
Therefore, a higher masker level would be required to achieve the same amount of
perceptual masking.
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This hypothesis is supported by a number of factors that influence the temporal
effect outlined above, including the increased effectiveness of mid-level precursors,
its frequency specificity, and tuning characteristics. In addition, the reduction of
the temporal effect in people with cochlear hearing loss is also consistent with a
gain adaptation hypothesis since the likely deterioration of OHC function in these
subjects would result in the reduced ability to affect changes in compression (Bacon
and Takahashi, 1992; Strickland and Krishnan, 2005). Temporary hearing loss due to
noise exposure or aspirin use results in changes in OHC function and has also been
shown to result in a decrease in the temporal effect. This further implicates the role of
the MOC (Champlin and McFadden, 1989; McFadden and Champlin, 1990). Finally,
the time course of the temporal effect is similar to that of the efferent MOC reflex,
with the MOC reflex particularly effective with stimuli lasting longer than 100-200
ms (Backus and Guinan, 2006).
Increasing evidence points to the role of the MOC reflex in the temporal effect.
However, using contralateral acoustic stimulation (CAS) as an MOC elicitor has produced conflicting results. Using broadband noise as a contralateral stimulus to evoke
the ipsilateral MOC reflex in the test ear has revealed overshoot in some, but not all,
normal hearing subjects (Bacon and Liu, 2000; Turner, 1997). Using tonal precursors as a contralateral stimulus revealed no significant overshoot (Bacon and Healy,
2000). Tonal maskers have been shown to be less effective than contralateral stimuli
in eliciting MOC activation; therefore, the use of different types of precursors (tones,
broadband noise) may explain these conflicting results, (Berlin et al., 1993; Guinan
et al., 2003).
Models using basilar membrane input-output relationships have demonstrated
that the temporal effect can be explained as a decrease in gain of the input-output
function (Bacon and Savel, 2004; Strickland, 2001, 2008; Strickland and Krishnan,
2005). This decrease in gain of the input-output function results in a more linear
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(rather than compressive) function, thereby requiring an increase in masker level relative to the signal in order to achieve the same perceptual masking. In addition to
affecting the gain at the signal frequency, gain adaptation has also been used to explain temporal overshoot observed using notched-noise precursors (Strickland, 2004,
2008). In this scenario, MOC activation by a notched-noise precursor is thought to
selectively reduce the gain at both the masker and signal frequencies. Thus, temporal
overshoot observed with a notched-noise precursor is the result of the combination of
a reduction in suppressive masking of the simultaneous notched-noise masker, and a
decrease in gain at the signal frequency (Strickland, 2004).
In several recent investigations, the effects of a precursor on the growth of forward
masking have been explored by comparing an additivity of masking model to a gain
adaptation model (Jennings et al., 2009; Krull and Strickland, 2008). Both investigations showed that a gain adaptation model (in which the gain at the signal frequency
was decreased by the precursor) fit the experimental results, whereas an additivity of
masking model predicted less forward masking than observed experimentally.
While a growing number of studies have implicated changes in basilar membrane
compressive nonlinearity as the main source of the temporal effect, other mechanisms cannot be completely ruled out. Neural adaptation may also play a role in
on-frequency temporal effects. Additionally, attention (in the form of frequency uncertainty) has been shown to reduce overshoot using a broadband precursor and to
increase overshoot when using a narrowband precursor (Scharf et al., 2008). The
authors suggest that auditory grouping mechanisms may play a small role in the
temporal effect. However, the temporal effect was only measured at two or three
signal frequencies in the certainty condition, and may reflect a general trend for lower
frequency signals to have smaller overshoot effects. While this result may implicate
higher centers other than the auditory periphery in the temporal effect, attention
has also been shown to play a role in MOC function (see for example Maison et al.,
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2001), and therefore, the functional role of the MOC in the temporal effect cannot be
ruled out. Further, the temporal effect has even been observed using masker-fringes
gated on after signal offset. This may indicate a potential backward temporal effect
(Miśkiewicz et al., 2006). Therefore, it is possible that more than one mechanism
may contribute to the temporal effect.

1.4

The Middle Ear

An important stage in the mechanical transformation of sound into electrical impulses in the cochlea is the transmission of these sounds through the middle ear. In
terms of OAEs, in which the mechanical properties of the inner ear are inferred from
emissions evoked by and recorded by instruments placed in the ear canal, an understanding of the impact of the middle ear on both forward and reverse transmission
through the middle is essential.
One of the primary functions of the middle ear is as an acoustic transducer,
taking sound waves entering the outer ear and converting and delivering them as
transverse waves (e.g. basilar membrane traveling waves) to the fluid-filled cochlea.
In addition to its function as an impedance-matching transducer, the middle ear
also serves to efficiently transmit air-borne sound traveling through a relatively lowimpedance medium (air) to fluid waves in a high-impedance medium (perilymphatic
fluid). This energy transformation is accomplished in part by the ratio difference
between the tympanic membrane (TM) and the oval window surface areas, as well as
the lever action of the three bones, the malleus, the incus and the stapes, contained
within the middle ear cavity.
When sound is transmitted through the ear canal, some of the incident power
is reflected off of the TM (e.g. power reflectance), and the rest will be transmitted
through the middle ear. Driven by this pressure gradient across the TM, the TM
vibrates, displacing the ossicular chain. In turn, the lever action of the ossicles,
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the ligaments and connected muscles within the middle ear cavity, amplifies this
motion and transmits it to the cochlea via the oval window. Together, the pressure
amplification provided by the middle ear can be as much as 26.6 dB (Kurokawa and
Goode, 1995). However, due to the composite acoustical impedance of the middle
ear structures (e.g. mass, stiffness, damping) as well as coupling of sound to the TM,
sound is not transmitted as efficiently at all frequencies. In humans, the transfer
function characteristics appear best in the mid-frequency range (e.g. 1-4 kHz) and
poorer outside this range (Puria, 2003, cf.).
As a function of sound level, transmission through the middle ear is relatively
linear across frequency up to about 130 dB (Guinan and Peake, 1967), however,
several descending inputs to the middle ear may modulate its response. Specifically,
two muscles exist within the middle ear, the tensor tympani and the stapedius muscle.
These muscles act to provide reflexive control over sound transmission through the
middle ear, collectively known as the middle ear muscle reflex (MEMR). Both muscles
are known to contract due to intense sounds, but the stapedius muscle is thought to
activate at lower sound levels (Borg, 1972). In a similar fashion to the MOC pathway,
the MEMR can be activated bilaterally, and descending MEM fibers receive afferent
input from the cochlear nucleus (CN) (Lee et al., 2006). Thus, both MOC and MEM
reflexes share a common afferent pathway, and may be activated by the same stimuli.
A schematic representation of the stapedial reflex pathway is shown in figure 1.2.
When activated, the tensor tympani attaches to the malleus neck, and contraction
of the muscle pulls the malleus and TM into the middle ear cavity space. Therefore,
activation of the tensor tympani muscle acts to stiffen the TM, reducing sound transmission primarily at low frequencies. The stapedius muscle enters the middle ear
from the back wall of the tympanic cavity and terminates as a tendon attached to
the neck of the stapes. Activation of this muscle pulls the stapes perpendicular from
its primary motion and stiffens the annular ligament, which connects the stapes to
15

Figure 1.2: Schematic overview of the stapedial reflex pathways (from Lee et al.,
2006). Note the similar afferent pathways to the MOCR in figure 1.1.

the oval window. Again, the stiffness increase primarily affects sound transmission
at low frequencies (Pang and Peake, 1986). However, the complex interconnections
between ligaments and ossicles has been shown to produce increases in sound transmission. For example, Nuttall (1974) found that while individual stimulation of the
tensor tympani and stapedius muscle primarily attenuated sound transmission at low
frequencies, it also produced measurable gains in the mid-frequency range.
The middle ear can also work in the reverse direction. When driven by a reverse
traveling wave originating in the cochlea, the middle ear can function to re-emit sound
into the ear canal (e.g. otoacoustic emissions). However, reverse transmission through
the middle ear is significantly poorer than in the forward direction, and is characterized by a negative pressure gain (attenuation). For example, reverse transmission of
OAEs measured in gerbils was found to be about -35 dB on average (Dong, 2006).
When faced with the impedance of the middle ear cavity (e.g. stapes reflectance, ossicular mass, TM impedance), a majority of the OAE will be re-reflected back into the
cochlea. However, depending on frequency, a portion of the energy will be re-emitted
into the ear canal.
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Measurement of OAEs is affected by the status of the middle ear. For example,
negative middle ear pressure, in which the impedance of the middle ear system is
increased, has been shown to produce differential effects on OAEs, with OAE levels
reduced at lower frequencies and increased at high frequencies (Sun and Shaver, 2009;
Thompson, 2013). Presumably, this reflects frequency-dependent changes in middle
ear transmission, which in turn will affect measured OAEs. Therefore, it is essential
that the impact of the middle ear on the OAE measurement is better understood,
particularly when considering estimates of efferent function based on OAEs.

1.5

Summary

Today OAEs are a regular part of neonatal hearing screenings, but much work
needs to be done to fully understand their utility in assessing various aspects of human
hearing as well as the pitfalls associated with such measurements. Considerable research efforts are currently underway to address how OAEs, as a measure of cochlear
function, can help understand fundamental aspects of cochlear mechanics and the
neural pathways that connect them to perception. Combined with psychophysical
measures of hearing, OAEs may provide additional insight as to how the healthy
cochlea processes sound at the level of the auditory periphery. These insights may
provide a basis for which clinical tools may be developed in order to identify specific physiological mechanisms affecting sensorineural hearing loss and other hearing
deficits.
This dissertation presents three separate experiments with the aim of addressing
different aspects related to the use of OAEs to evaluate efferent function in humans.
In the first experiment, CAS-induced suppression of DPOAEs was investigated using
swept-tones. Efferent-mediated changes in DPOAEs were analyzed considering the
differential effects on the separate components of DPOAEs. In the second experiment,
methodological considerations related to the use of swept-tone OAEs to estimate the
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MOCR were addressed. Specifically, a method to simultaneously detect middle-ear
muscle reflex activation is presented, in which OAE primaries were analyzed to provide an indication of MEMR activation. In addition, the impact of MEMR activation
on estimates on MOCR is discussed. In the last experiment, a new method for measuring simultaneous behavioral and OAE-based physiological measures is presented.
This paradigm is used to address the question of whether the perceptual phenomenon
of temporal overshoot is in fact mediated by efferent regulation at the level of the
cochlea. In each experiment, the use of otoacoustic emissions as a tool to evaluate
efferent function is explored, and results are discussed in terms of their theoretical
underpinning and/or their potential to provide unique insights into cochlear processing.
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CHAPTER 2: Changes in amplitude and phase of
distortion-product otoacoustic emission fine-structure
and separated components during efferent activation

2.1

Abstract

Medial olivocochlear (MOC) efferent fibers synapse directly on the outer hair cells
(OHCs). Efferent activation evoked by contralateral acoustic stimulation (CAS) will
affect OHC amplification and subsequent measures of distortion product otoacoustic
emissions (DPOAEs). The aim of this study was to investigate measures of total
and separated DPOAEs during efferent activation. Efferent activation produces both
suppression and enhancement of the total DPOAE level. Level enhancements occurred near fine-structure minima and were associated with consistent MOC evoked
upward shifts in DPOAE fine-structure frequency. Examination of the phase of the
separated components revealed that frequency shifts stemmed from increasing phase
leads of the reflection component during CAS, while the generator component phase
was nearly invariant. Separation of the two DPOAE components responsible for the
fine structure revealed more consistent reduction of the levels of both components.
Using vector subtraction (which takes into account both level and phase) to estimate
the changes in the unseparated DPOAE provided consistent evidence of DPOAE sup19

pression. Including phase information provided a more sensitive, valid and consistent
estimate of CAS function even if one does not know the position of the DPOAE in
the fine structure.

2.2

Introduction

The dynamic range of the auditory system provides humans with the remarkable ability to resolve sounds over a wide range of intensities (ranging over 10 orders
of magnitude). To achieve this dynamic range, the auditory system makes use of
changes in the operating point to maximize sensitivity with changes in the acoustic
environment (cf. Strickland, 2001). This dynamic processing of the cochlea is mediated by the regulatory action of the outer hair cells (OHCs) and more centrally by
the medial olivocochlear (MOC) system whose efferent nerve fibers synapse directly
on the OHCs.
One tool for examining the MOC system is by otoacoustic emissions (OAEs)
which are the by-product of normal cochlear function. Evoked otoacoustic emissions
(EOAEs) are a type of OAE generated by the healthy cochlea in response to external
stimulation (Kemp, 1978). They can be measured non-invasively with a sensitive
microphone in the ear canal and are believed to depend on the cochlear amplifier, the
active mechanism mediated by the OHCs which increases sensitivity and frequency
selectivity(reviewed in Cooper et al., 2007; Neely and Kim, 2007).
Different types of stimuli elicit different EOAEs. Distortion product otoacoustic
emissions (DPOAEs) are elicited when the cochlea is stimulated by two pure tones
(primaries) that are close in frequency (f1 , f2 ; f2 > f1 ). Due to the cochlear nonlinearity, inter-modulation between the two primaries generates distortion products
at mathematically predictable frequencies (Talmadge et al., 1999; Shera and Guinan,
1999).
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The total DPOAE signal is believed to consist of at least two major components
(e.g. Shera and Guinan, 1999; Talmadge et al., 1999). The first component, the generator component (also referred to as the non-linear component), is generated by
non-linear mechanisms and arises from the region of maximal overlap between the
traveling waves of f1 and f2 on the basilar membrane. Some of the energy generated
at the overlap region travels along the basilar membrane to its own characteristic
place (e.g. 2f1 − f2 frequency) where it is linearly reflected off of pre-existing mechanical perturbations on the basilar membrane (e.g. Talmadge et al., 1999; Shera and
Guinan, 1999; Mauermann et al., 1999). This second component is known as the reflection component (also referred as the characteristic frequency, or CF component).
The generator and reflection components combine to form the total DPOAE signal
measured in the ear canal (e.g. Talmadge et al., 1999; Shera and Guinan, 1999; Shera,
2004). Interaction between the two DPOAE components gives rise to quasi-periodic
changes in the DPOAE amplitude observed with high-frequency resolution, known as
the total DPOAE fine structure.
The two DPOAE components have different phase and level characteristics because they are generated by different mechanisms. The generator component originates at the region of maximal overlap of the two primaries and is produced by the
non-linear interaction of the two primaries. As the primary frequencies are changed,
the resultant wave from the overlap region moves along the basilar membrane. The
number of waves to peak along the basilar membrane before the traveling wave reaches
it maximum remains relatively constant, resulting in little change in the traveling
wave’s phase characteristics. Therefore, the phase of the generator component rotates
slowly with changes in frequency. Additionally, the magnitude of this component also
changes slowly with frequency.
The reflection component is generated when part of the DPOAE signal generated
at the overlap region travels to its own characteristic frequency place on the basilar
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membrane where it is reflected by pre-existing perturbations. These perturbations
are fixed in position. Therefore, the phase of the reflection component varies with
changes in frequency (cf. Shera and Guinan, 1999). Although the reflection component depends on the amount of energy generated at the overlap region, it can be
larger than the generator component because it is amplified as it travels apically to
it best frequency.
Generally, if the two components are summed in-phase, there is a maximum or
peak in the DPOAE fine-structure. If the components are summed while out-ofphase, there is a minimum or dip in the DPOAE fine structure (e.g. Dhar et al.,
2005; Shaffer et al., 2003). While the generator component magnitude changes slowly
with frequency, the reflection component has deep minima associated with round trip
travel in the cochlea (e.g. Shera and Guinan, 1999; Talmadge et al., 1999) similar
to that seen in stimulus frequency otoacoustic emissions (SFOAEs) and transientevoked otoacoustic emissions (TEOAEs) (Talmadge et al., 1998; Kalluri and Shera,
2001, 2007). The depth of the fine-structure depends on the relative amplitudes of
the two components and is deepest when the components are equal in level.
EOAEs can be modified by acoustic stimulation (reviewed in Guinan, 2006). Some
of these changes are thought to be mediated by the medial olivocochlear (MOC) system. The MOC system is a neural network comprised of thick myelinated fibers that
originate in the medial region of the superior olivary complex. MOC fibers travel to
the cochlea where they synapse directly on the OHCs (Liberman, 1980; Guinan et al.,
1983, 1984; Liberman and Brown, 1986). The MOC system is therefore in a position
to modify the cochlear amplifier, which depends on OHC function and is important
for producing OAEs (Guinan et al., 2003). The activation of MOC fibers is thought
to reduce OHC gain and resultant basilar membrane motion (Murugasu and Russell, 1996; Russell and Murugasu, 1997). Reduction in OHC gain mediates changes
in OAEs observed during MOC activation (Guinan, 2006). MOC effects in humans
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may be studied by monitoring changes in EOAEs during contralateral acoustic stimulation (CAS). CAS induced reductions in DPOAE amplitude have previously been
reported (Williams and Brown, 1995, 1997), as well as reductions in the individual
DPOAE components (Brown and Beveridge, 1997; Deeter et al., 2009). However,
changes in total DPOAE are complicated by the complex interaction between the
two components. Depending on the relative amplitude and phase of each component
at each frequency, either enhancement (increase in OAE amplitude) or suppression
(decrease in OAE amplitude) is observed during CAS (Abdala et al., 1999; Müller
et al., 2005; Sun, 2008b; Wagner et al., 2007; Williams and Brown, 1997; Zhang et al.,
2007). A systematic upward shift in fine-structure frequency maxima (Abdala et al.,
2009; Deeter et al., 2009; Zhang et al., 2007) and minima (Purcell et al., 2008) also
occur during CAS and may contribute to the level enhancement found at DPOAE
fine-structure minima. Therefore, it is difficult to interpret CAS-induced effects on
DPOAEs if one does not know where the DPOAE frequencies fall within the finestructure.
The goals of this study were (A) To examine changes in total DPOAE level and
fine-structure frequency during efferent activation, (B) To separate the two components of the DPOAE signal as a means for obtaining less variable estimates of
efferent activation, and (C) To investigate efferent-mediated changes in phase of the
two DPOAE components as a possible explanation for changes in the frequency of
the DPOAE fine-structure.

2.3

Methods

2.3.1

Subjects

Seven doctoral students from the Graduate Center of the City University of New
York were recruited for the study. Data from the four subjects (aged 22 to 27 years
23

old; non-sequential subject IDs) who were able to complete this study are presented
in this paper. All subjects had normal otoscopy, audiometric thresholds at or below
15 dB hearing level (HL) at octave frequencies between 250 and 8000 Hz, and normal
middle-ear function as measured by tympanometry. In addition contralateral acoustic
reflex thresholds (ART) were obtained using the Grason-Stadler (GSI) middle-ear
analyzer (table 2.1). Testing was done in a double-walled booth (IAC Acoustics)
while subjects reclined in a chair watching a DVD movie with subtitles. This study
was approved by the Graduate Center’s Institutional Review Board and subjects were
paid for their participation.

2.3.2

Stimuli

DPOAEs were collected using logarithmically sweeping primary tones (Long et al.,
2008, 2009) presented to the right ear. Primary tones were swept from f1 = 820−3280
Hz, f2 = 1000 - 4000 Hz, with a fixed primary ratio of f2 /f1 =1.22 producing 2f1 − f2
from 640 − 2560 Hz. Sweeps were 4 s (2 s/octave) in duration and in both the up and
down direction. A sweeping-primary paradigm was used because it is efficient and
reliable, and it allows for detailed measurement of a wide range of frequencies (Long
et al., 2008). The level of the primaries, L1 and L2 , were systematically changed
using the scissors paradigm according to the formula L1 = 0.4 ∗ L2 + 39 dB (Kummer
et al., 1998) at L2 levels ranging from 35 to 60 dB SPL, in 5 dB steps. To elicit the
MOC reflex, contralateral acoustic stimulation (CAS) in the form of bandpass noise
Table 2.1: Contralateral acoustic reflex threshold (ART) for all subjects.

Subject
Threshold (dB)

E1

E4

E5

E7

>100

80

75

80
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(500-6000 Hz) was presented to the left ear at LCAS levels ranging from 50 to 70 dB
SPL in 5 dB steps. Both primary tones and CAS presentation levels were calibrated
using a KEMAR head and torso simulator (Knowles Electronics, Itasca, IL) with an
ER-11 (Etymotic Research, Elk Grove, IL) microphone connected to a B&K type
2235 precision sound level meter (Brüel & Kjær, Denmark).

2.3.3

Data Collection

DPOAE recordings were made using a Mac computer (OS X), connected to a
MOTU 828 Firewire Audio Interface (Cambridge, MA). Stimuli were generated and
passed through TDT headphone buffers (HB6) connected to ER2 insert headphones
placed in the subject’s test ear (sweeping primaries) and contralateral ear (CAS). The
signals from ER10 microphone placed in the test ear passed through ER10 batteryoperated preamplifier and a battery-operated Stanford Research SR560 low-noise amplifier/filter before being digitized at a sampling rate of 44100 Hz by the MOTU 828.
The digitized signals were stored on disk for off-line analysis. Sweeping primaries were
presented to the right ear of each subject with and without CAS presented to the left
ear in an interleaved manner (i.e., up and down sweeps presented in the absence of
CAS were followed by up and down sweeps presented with CAS). CAS was presented
simultaneously with the primaries. There was a 5 s pause between conditions with
and without CAS.
A total of 120 sweeps, equally divided between the up and down directions, were
presented at L2 levels 35, 40, and 45 dB SPL, and 72 sweeps, also equally divided
between directions, were presented at L2 levels 50, 55, and 60 dB SPL. Higher numbers
of sweeps were presented at lower L2 levels to improve the signal-to-noise ratio (SNR).
Probe fit was evaluated three times during each recording session (initial, middle, end)
using white noise delivered to each tube phone. All recordings took place in four 2hour sessions. Data analysis was done offline. Sweeps were visually inspected and
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sweeps contaminated by noise (e.g., body movement and coughing) in the frequency
regions of interest were eliminated. Sweeps with identical stimulus conditions were
averaged to reduce the noise floor, or subtracted to estimate the noise floor (see Long
et al., 2008).

2.3.4

Analysis

Total DPOAE
The level and phase of the total DPOAE and its components were extracted using
a least-squares fit (LSF) method (Long and Talmadge, 1997). LSF analysis provides
better separation of the signal from the noise than the more commonly used Fourier
analysis (for review see Long et al., 2008). Overlapping Hann-windowed segments
of data were analyzed with the LSF procedure. The bandwidth of the filter was
determined by the size of the analysis window. The band-pass filter used in LSF
analysis changes center frequency as the DPOAE frequency changes, allowing the
total amplitude and phase to be estimated as a function of frequency. A wideband
LSF analysis was used (5512 analysis points, 8 Hz filter) to estimate the total DPOAE.
Frequency and amplitude of the fine-structure maxima were extracted by finding
the zero-crossings in the first derivative of the frequency-amplitude function. To
increase the resolution of this measurement, a cubic spline over ±5 data points of the
local extrema was then fit and the local maximum (frequency and amplitude) was
recalculated in this region.
Separated Components
DPOAE components were extracted by varying the size of the filter bandwidth
used in the LSF analysis so that only the component of interest fell within the analysis
window. The center frequency of the filter moves with the expected frequency of the
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DPOAE. If the filter is narrow (22050 analysis points, 2 Hz filter) only the generator
component falls within this filter window, as the reflection component returns too
late to be included (Long et al., 2008). When a narrowband analysis is performed
with an additional frequency-dependent latency based on the expected latency of the
reflection component, the generator component falls outside this filter window and
only the reflection component is extracted (Long et al., 2008).
Statistical Analysis
To investigate the difference between CAS and No-CAS conditions, statistical
analysis was performed on DPOAE amplitude using MATLAB (ver. 2008b, Statistics
Toolbox). A root-mean-square (RMS) power averaging in 1/3-octave bands of the
raw sound pressure values was used to smooth the data across frequency, before
combining data across subjects. A four-way analysis of variance (ANOVA) with
repeated measures on four factors (with/without CAS, L2 , LCAS , and frequency) was
performed on each DPOAE component separately.

2.4

Results

2.4.1

Total DPOAE

Statistical analysis of the total DPOAE amplitude revealed significant main effects of with/without CAS (p=0.033), L2 level (p<0.001), LCAS level (p<0.001), and
frequency (p<0.001).
Level Changes as a Function of LCAS
Examples of the effects of CAS on total DPOAE amplitude are shown in figure
2.1 for all four subjects. The pattern and depth of the DPOAE fine-structure were
different for each subject, but all show some fine-structure. The stability of the
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fine structure was determined by comparing the pattern of up and down sweeps and
can be seen by the relative consistency of the total DPOAE fine structure with and
without CAS. The change in total DPOAE level as a function of DPOAE frequency
(dB Difference = CAS condition – No-CAS condition) indicated by the dashed line
reveals both positive values (enhancement) and negative values (suppression). The
pattern was different for all subjects, but the largest enhancements occurred near fine
structure minima (indicated by arrows). When the magnitude of the enhancement
and suppression at 100 Hz steps for all the CAS levels was evaluated (figure 2.2),
subject-dependent suppression and enhancement effects were observed in all subjects.
In one subject, only small effects of CAS level were observed over a very limited
frequency region (see figure 2.2, subject E5).
Frequency Shift
Closer visual inspection of DPOAE fine-structure revealed CAS-induced changes
in frequency of the DPOAE fine structure in the unseparated DPOAE (see figure
2.1). The frequency shift was observed at all L2 primary levels and CAS levels used.
Frequency shifts were evaluated by calculating the difference in frequency of the
fine-structure maxima with and without CAS. Frequency changes were binned into
frequency regions to evaluate the changes as a function of CAS and primary level
(figure 2.3) or CAS and frequency (figure 2.4).
In all subjects, the amount of frequency shift did not change systematically with
increases in L2 primary level (figure 2.3). However, a systematic increase in the
magnitude of the shifts was observed (figure 2.3) as CAS level increased. When
collapsed across all L2 levels (figure 2.4), greater frequency shifts were observed at
the higher frequencies examined.
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Figure 2.1: Examples of total DPOAE level (fine structure) as a function of DPOAE
frequency for each subject when L2 was 50 dB SPL, without CAS (black), and with
CAS (gray) at LCAS =55 dB SPL. The dB difference, a calculation of the magnitude
change between conditions, is shown with dashed lines. Noise floors are shown as
dotted lines.
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Figure 2.2: Level difference in dB (collapsed across all L2 levels) for unseparated
DPOAEs (CAS - No-CAS) at 100 Hz increments for each subject for all five CAS
levels. Both suppression and enhancement with CAS was observed in all subjects
(although enhancement was less common for E5 who had shallower fine structure).
Note the different ordinate scales.

2.4.2

Separated Components

Statistical analysis of the generator component amplitude revealed significant
main effects of with/without CAS (p=0.0369), L2 level (p<0.001), Lcas level (p<0.001),
and frequency (p<0.001). Statistical analysis of the reflection component amplitude
revealed significant main effects of with/without CAS (p=0.0384), L2 level (p<0.001),
Lcas level (p<0.001), and frequency (p<0.001).
Level Changes as a Function of LCAS
The separated components for the same condition shown in figure 2.1 are shown for
all four subjects in figure 2.5. Suppression was observed for all subjects, except when
the amplitude approached the noise floor. Subject E4 showed the lowest overall level
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Figure 2.3: (color online) Frequency shift of DPOAE fine structure as a function of
L2 and CAS levels for all subjects. The frequency shift increased consistently with
increasing CAS level for all subjects.
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Figure 2.4: (Color online) Frequency shift of DPOAE fine structure as a function
of DPOAE frequency and CAS level for all subjects. Frequency bins represent approximately 1 mm spacing along the basilar membrane according to the greenwood
function, fBM (x) = 165.4∗(10(2.1∗x/35) −1). Larger shifts were observed at both higher
DPOAE frequencies (1691-1965 Hz bin) and at the highest LCAS (70 dB SPL).
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Figure 2.5: Generator component (top row) and reflection component (bottom row)
levels obtained with L2 of 50 dB SPL as a function of DPOAE frequency for each
subject without CAS (black) and with CAS 55 dB SPL (gray). The dB difference
between conditions was demonstrated with a dashed line. The generator component
showed small systematic changes with CAS, while the reflection had larger and somewhat less systematic CAS-induced changes. The departure from systematic changes
were associated with minima in the reflection component.
for both the generator and reflection components. Subject E7 exhibited one of the
largest reflection components and a generator component amplitude that was similar
to both subjects E1 and E5. For subject E5, the large difference in the amplitudes
of the two components (e.g., high level generator component and low level reflection
component) was consistent with the shallower fine structure exhibited in this subject’s
unseparated DPOAE (see figure 2.1).
When the components were separated and the dB difference was plotted as a function of CAS level (see legend), the amount of suppression increased and there was
less enhancement of DPOAE level, see figure 2.6. Enhancement of DPOAE amplitude was less likely to occur. In addition, a clearer pattern of increasing suppression
with increasing CAS level emerged and the effect was mostly larger for the reflection component. This pattern was observed for all subjects except subject E4 whose
data was nearer the noise floor and exhibited more variability and less systematic
change in DPOAE component amplitude. Areas of apparent enhancement were always associated with minima in the reflection component, which showed frequency
shifts.
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Figure 2.6: Level difference in dB of the separated DPOAE components (CAS No-CAS) for all subjects at every CAS level (see legend). Less change in level was
observed for the generator component (top row) than the reflection component (bottom row). (Note the different ordinate scales for each row representing the generator
and reflection components, respectively.)
Table 2.2: Percentage of enhancements observed pooled across primary level, CAS
level, and frequency for each subject and the mean for all subjects. The percentage
of enhancement decreased when the components were separated.

Subject
enhancement (%)
Total DPOAE
Generator Component
Reflection Component

E1

E4

E5

E7

30.59 32.02 16.38 25.89
19.16 27.73 4.05 15.23
9.48 30.68 21.24 8.48

mean
25.39
15.35
16.23

To quantify differences in the amount of enhancement observed in DPOAE fine
structure in comparison to the separated DPOAE components, the number of measurements points (frequencies, primary levels and CAS levels) where enhancement
was observed was calculated as a percentage of all the data points at least 6 dB above
the noise floor. This is shown in Table 2.2. The percentage of enhancement was
greatest for total DPOAE and decreased for the generator and reflection components
in most subjects. For E4, whose data exhibited the most noise contamination, enhancements were not significantly reduced in the separated components. Generally,
the reflection component showed the smallest percent enhancement for all subjects
except E5 (Table 2.2). For this subject, the reflection component was the lowest in
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Figure 2.7: (Color online) Mean phase change, ∆φN oCAS−CAS , across all L2 primary
levels for the generator (top panel) and reflection (bottom panel) components for
subjects E1 and E7 and each CAS level (see legend). Shaded areas represent the
standard error of the mean. The phase of the generator component was relatively
constant with frequency and CAS level while the reflection component demonstrated
systematic phase leads with increasing CAS level. A trend line was obtained using a
loess fit (dashed line).
amplitude of all subjects and the increase in frequency of enhancement observed was
most likely due to proximity to the noise floor which resulted in a smaller number of
data points. The magnitude of enhancements was the smallest for this subject.
Changes in Phase of the Separated Components as a Function of LCAS
To investigate the potential causes of MOC-mediated frequency shifts observed
in the DPOAE fine structure (see figure 2.1), an analysis of the phase changes of
the two components during CAS stimulation was performed. Phase changes for each
component were calculated between the No-CAS and CAS conditions at frequencies
in which the magnitude of components was at least 6 dB above the noise floor.
Additionally, phase changes (in degrees) were unwrapped. As estimates of phase
may be contaminated by noise, unwrapping the phase reduced any ambiguities. To
extract a global trend, phase changes as a function of frequency were fit with a
weighted least-squares (loess) fit.
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Phase differences for the two subjects whose reflection components were far enough
above the noise floor to permit uncontaminated estimates of phase changes (E1 and
E7) are shown in figure 2.7. Phase changes revealed that while the generator component underwent only small CAS-independent changes, the reflection component underwent larger frequency- and CAS-dependent phase leads. Additionally, the phase
lead increased systematically with CAS level. Across subjects, variability in the reflection component phase changes were related to subject-dependent level minima
and proximity to the noise floor. For example, the decrease in phase lead observed
in subject E1 around 1600 Hz coincided with a deep null in this subject’s reflection
component (refer to figure 2.5) where phase properties changed rapidly. These nulls
in the reflection component represent additional interactions of this component with
internal reflections in the cochlea, resulting in a ‘structure’ similar to that exhibited
by SFOAEs (Kalluri and Shera, 2001; Talmadge et al., 1998).

2.4.3

Potential Contamination by MEM Reflex

The middle-ear muscle (MEM) reflex, which acts to protect the inner ear from
sudden loud exposure to sound, can be a potential source of contamination of recorded
OAEs (reviewed in Guinan, 2006). MEM activation at high CAS and primary levels
has the potential to contaminate the evaluation of efferent effects. MEM contraction
may result in a decrease in the signal level entering the inner ear (which can lead to a
reduction of the amount of distortion generated in the cochlea) as well as a decrease in
the transmission of this distortion back to the ear canal. Also, the combined acoustic
input of the CAS and primary tones may contribute to the bilateral MEM reflex
response. These reductions will occur in a frequency-specific manner, as the MEM is
most effective at low frequencies (Liberman and Guinan, 1998).
Any potential contamination by MEM contraction may be investigated using stimuli similar to those used in the experiment (e.g., sweeping tones). A potential tool
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Table 2.3: Contralateral acoustic reflex threshold (ART) for test subjects for MEM
analysis.
Subject
R1 R2
Threshold (dB)

80

80

R3

R4

>100

70

for examining whether the middle ear was activated during EOAE experiments is to
determine whether the stimulus level and phase recorded in the ear canal are modified
by the CAS (reviewed in Deeter et al., 2009). No consistent evidence of middle ear
involvement was detected when the primaries were extracted from the averaged data
used to extract the DPOAE. To ensure that this failure to detect MEM contraction
was not a function of a combination of the frequencies used and small shifts in probe
position from trial to trial, four subjects (R1, R2, R3=E1, & R4) were tested using
two CAS levels (40 and 80 dB SPL) and at two primary levels (40 and 50 dB SPL;
according to the scissors paradigm, see methods section). Acoustic reflex thresholds
for these additional subjects is shown in Table 2.3.
A CAS level of 40 dB SPL was selected because no MEM contractions were expected at this level, while a CAS level of 80 dB SPL was used because MEM contractions are more likely to occur at this level, especially in combination with the
ipsilateral stimuli. To avoid problems induced by cross-talk at the 80 dB SPL CAS
level, the phase of the broadband noise was inverted every other trial so that any
cross-talk would be cancelled in the averaged file (see methods section). All conditions were collected in one session with close monitoring of the probe position to avoid
any deviations in primary levels due to changes in the probe position. Any condition
for which the probe fit at the start and end of the trial varied by more than 0.5 dB at
any frequency was thrown out and re-measured. Analysis of the primaries with and
without CAS provided an indication of any CAS induced changes in signal level in
the ear canal. If MEM contractions occurred, one would expect the amount of energy
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reflected at the tympanic membrane to increase and this would subsequently change
the level and phase of the recorded signal in the ear canal.
Analysis of the change in L1 primary signal level and phase for two subjects
is shown in figure 2.8. Subject R3, who exhibited elevated broadband-noise reflex
thresholds (see Table 2.3), showed no changes in primary level amplitude or phase.
The trend for R2 was typical of the rest of the subjects with ARTs in the normal
range. In these subjects, changes in both the amplitude and phase of the recorded
primary signal during presentation of CAS 80 dB SPL were observed. Analysis of
the L1 primaries at high CAS levels revealed increases in reflected energy at low frequencies (420-800 Hz) followed by decreases (800-1500 Hz). The observed changes
in amplitude and phase were consistent with an increase in the middle ear resonance
during MEM activation and were similar to the hypothesized changes in wideband reflectance (Feeney and Keefe, 1999). These results showed that by extending the range
of frequencies and better controlling the probe position, one could better evaluate the
role of MEM when using CAS to evoke efferent activation. The failure to see similar
changes in primary level with the stimuli used to evaluate efferent function suggests
that MEM contractions were not a significant source of contamination. Furthermore,
R3 was also a subject in the original investigation (subject E1) and in this subject
there was no effect of CAS even at CAS level above the levels used in this experiment.

2.5

Discussion

2.5.1

Evaluation of Total DPOAE

In most published research examining efferent effects on DPOAEs, DPOAE fine
structure has been largely over-looked or measured with only coarse frequency resolution. Whenever MOC effects on DPOAEs are evaluated without separating the
components, interpretation of the data is complicated by the interaction of the two
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Figure 2.8: Analysis of the amplitude difference (left panels) and phase change (right
panels) of the L1 primary signal with and without CAS for two example subjects.
Amplitude changes (residual) are shown in Pascals and phase changes in radians.
Upsweeps are represented by solid line, downsweeps as dashed lines.
components; each component with its own site of generation and associated phase.
Consequently, the amount of change in DPOAE amplitude during CAS is frequencyspecific and depends on the position of the distortion-product in relation to the fine
structure (e.g. Wagner et al., 2007; Abdala et al., 2009; Deeter et al., 2009). If one does
not adequately evaluate fine structure, one does not know if the measurement collected
is at a maximum or a minimum. Furthermore, disregarding the fine structure prevents
access to critical information for interpreting the data. The two DPOAE components
are generated by different mechanisms which are expected to be differently sensitive
to stimulus parameters and potential modulators of cochlear function, therefore data
collected at a maximum (where the components are in-phase) is expected to differ
greatly from data collected at a minimum (where they are out-of-phase). Measuring total DPOAE with greater frequency resolution and then measuring changes in
DPOAE level at selected points of maxima and minima provides more predictable results. When high-frequency resolution is used, suppression occurs more often and is
larger at fine-structure maxima, whereas enhancement of level is more likely to occur
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near the minima (Sun, 2008b; Williams and Brown, 1997). This is consistent with
our finding that a decrease in DPOAE level (suppression) was mostly observed near
fine structure maxima and both enhancement and suppression were observed near
fine-structure minima. The depth of the fine structure depends on the relative levels
of the two components, so that reducing the strength of one component could either
increase or decrease the depth of the minima (Talmadge et al., 1999). One of the
major reason for the enhancement seen in the total DPOAE near the fine-structure
minima is the consistent change in the frequency of the minima. An increase in frequency was seen in all subjects at all primary and CAS levels. The magnitude of
the frequency increase depended systematically on CAS level and was greatest at the
highest frequencies examined. This pattern of frequency increase led to enhancement
for frequencies just below the minima and greater suppression for frequencies above
the minima (see figure 2.1).

2.5.2

Separating the DPOAE Components

After separating the components, we were able to reliably and accurately measure changes by comparing CAS vs. No-CAS conditions. Systematic suppression was
observed in the two DPOAE components when they were separated. More change
occurred for the reflection component than the generator component during CAS.
Results were similar to those observed by Brown and Beveridge (1997), in which
the reflection component was found to be more affected by efferent activation. Both
components showed more reduction in DPOAE level as LCAS was increased. The
importance of separating the components is supported by comparison of the changes
produced in the total DPOAE, in which the amplitude and phase interactions produce
both suppression and enhancement in the DPOAE fine-structure level. Consequently,
examination of level changes provided evidence of CAS activation that would other-
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wise be masked by the complex amplitude and phase interactions between the two
components.
These results were particularly prominent for subjects with a pronounced finestructure pattern (e.g., subjects E1 and E7). A pronounced fine-structure pattern
results when there is a complex interaction between components with similar amplitudes. Therefore, for these subjects, separation of the two components demonstrated
clearer MOC effects that would otherwise be obscured in the total DPOAE. In subjects with less pronounced fine-structure (e.g., subject E4 and E5), one component
dominated and therefore analysis of the total DPOAE may provide reliable estimates
of MOC activation.

2.5.3

Phase Change and Frequency Shifts

The frequency shifts observed in the fine structure were consistent with changes in
the relative phase of the two components. Only small CAS-independent changes were
observed in the phase of the generator component, but a systematic phase lead with
increasing CAS level was observed for the reflection component. If one component
undergoes a phase change (reflection component) while the other (generator component) remains invariant, it would be expected that this would lead to changes in
the DPOAE fine structure. To test this hypothesis, the mean frequency shift across
a given CAS level was calculated and plotted as a function of the phase changes
observed using the loess fit described earlier and shown in figure 2.7. A significant
correlation between the phase shift and frequency shift was found when data was
pooled across subjects (c = 0.61076, p < 0.001). Even stronger subject-specific correlations were found for each subject independently, in which the subject-dependent
phase shifts were more indicative of the subject-specific fine-structure pattern (figure
2.9). The significant correlation between phase shift and frequency shift indicated
that the frequency shift observed in total DPOAE can be attributed mainly to phase
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Figure 2.9: Estimates of the phase change of the reflection component as a function
the frequency shift in the total DPOAE. Phase shifts were computed for each CAS
level and binned into the same frequency regions used in figure 2.4 (fdpoae =10601242; 1243-1450; 1451-1690; 1691-1985). Correlation between the pooled data was
significant (c = 0.61, p < 0.001). Individual correlations for individual subjects were,
E1 (c = 0.6585, p = 0.0016) and E7 (c = 0.7705, p < 0.001). Open and closed symbols
represent data points for subjects E1 and E7, respectively.
leads observed in the reflection component. The phase leads observed were consistent
with those previously reported using clicks (TEOAEs) and pure tones (SFOAEs) (cf.
Francis and Guinan, 2010; Guinan and Cooper, 2008). Phase changes such as those
observed are consistent with wider tuning at the level of the basilar membrane during
efferent activation (reviewed in Francis and Guinan, 2010).
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2.5.4

Simulation of Fine-Structure Frequency Shifts Using
Similar Reflection Component Phase Leads

If changes in the phase of the reflection component are responsible for the changes
in fine-structure frequency, then applying the estimated phase change observed, ∆φ,
to the reflection component phase should provide a ‘corrected’ DPOAE fine structure.
Vector addition, which Included a phase correction based on the fit obtained in figure
2.7, was used to recombine the separated components into a ‘corrected’ DPOAE. An
example of this correction is shown in figure 2.10. After the correction, the frequency
shifts of the reconstructed fine structure were greatly reduced or eliminated. The top
panel shows the total frequency range and the bottom panel zooms into a specific
portion of the DPOAE fine structure in order to demonstrate that the apparent
enhancement effects seen in DPOAE fine structure during CAS resulted primarily
from phase leads in the reflection component (cf. Deeter et al., 2009).
Additionally, when this technique was applied to the data as a whole, the percentage of DPOAE measures showing enhancement were reduced. Table 2.4 shows that
when phase was corrected, the total amount of enhancement observed was reduced
in all subjects. However, enhancement effects were not completely eliminated. The
remaining enhancement effects may be a result of additional MOC-induced frequency
shifts of the separated components or changes in the relative amplitude of the two
components. This is especially true for the reflection component which contains additional internal reflections created by the reflection component microstructure which
will also be affected by the phase change in the reflection component.
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Figure 2.10: Reconstructed fine-structure (top) and close-up (bottom) for one subject
(E1, L2 = 50 dB SPL, LCAS = 70 dB SPL) after the phase lead of the reflection
component was corrected for.

Table 2.4: Percentage of enhancement effects observed in DPOAE estimates (for
each primary frequency and each level of primaries and CAS) for each subject and
the mean for all subjects before and after the phase lead was corrected.

Subject
enhancement (%)
Total DPOAE
Phase Corrected

E1

E4

E5

E7

30.59 32.02 16.38 25.89
22.05 28.29 7.65 12.96
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mean
25.39
17.07

2.5.5

Quantifying CAS-induced Changes in unseparated (total) DPOAE

Clinically, the use of DPOAEs as a tool to measure MOC function is limited
by the use of discrete measurement frequencies typically employed. Enhancement
effects observed in total DPOAE are liable to contaminate estimates of the strength
of the MOC reflex, particularly in subjects with significant fine structure. To avoid
enhancement effects, Abdala et al. (2009) measured CAS-induced changes in total
DPOAE only at points of fine-structure maxima. One primary level (L1 =65 and L2
= 55 dB SPL) and CAS level (60 dB SPL) combination was used. Measurements were
only made at points of maxima because CAS-induced level enhancement are less likely
to occur there. Their results nearly always demonstrated DPOAE level suppression at
maxima however, by only measuring at specific points in the fine-structure, potentially
useable and valuable data were disregarded (Abdala et al., 2009). Abdala et al. (2009)
also noted a shift in DPOAE fine-structure frequency during CAS. Similar shifts in
frequency were observed in another study using a wider range of CAS levels (Deeter
et al., 2009). CAS-induced effects on phase of the reflection component were also
observed, however a detailed analysis of phase changes as a function of CAS level
was not performed (Deeter et al., 2009). Deeter et al. (2009) suggested that the
resultant phase leads in the reflection component could account for the frequency
shifts observed in DPOAE fine-structure and thus the resultant shift in fine-structure
frequency, though this hypothesis was not tested.
Level Difference Nearly all previous studies calculated MOC-induced changes in
fine-structure level using a dB difference, in which the change in magnitude between
CAS and No-CAS conditions was calculated. This calculation can be done across all
measurement points. However, when one knows where one is in the fine-structure
it is more commonly used at points of fine-structure maxima in order to avoid the
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Figure 2.11: (Color online) Comparison of techniques used to quantify the strength
of the MOC system (error bars represent standard error of the mean). Mean and
standard error (in parentheses) of 3.17 (0.0388), 4.95 (0.2997), 6.51 (0.0367), for
∆PA, ∆PA at maxima, and vector subtraction, respectively.
effects of the frequency shifts and subsequent level enhancements. Most researchers
use very wide spacing and may not know if they are near a fine-structure minima
or maxima. We also calculated the dB difference (see figure 2.2) and, in agreement
with the previous studies, found only small changes (e.g., increased suppression) with
increasing CAS level. This method of quantifying MOC effects from total DPOAE
is less desirable as it ignores changes in-phase and associated frequency shifts which
may lead to ambiguous results.
Vector Difference Separation of the two components from DPOAE fine structure
may not be possible due to limitations of frequency resolution (e.g., discrete points).
If one is unable to separate the components, an alternative method to dB difference
calculations is a vector analysis. Vector analysis takes into account both magnitude
and phase and provides an improved method for estimating MOC effects because one
does not need to determine where in the fine structure the calculations are being
made. Figure 2.11 shows how the three techniques described compare when applied
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to our data set. As a vector analysis results in a ‘residual’ difference between the
two conditions, comparing techniques on a decibel scale is not desirable and instead
all differences are shown in Pascals. Taking the mean difference across frequency
resulted in the smallest change, as enhancement effects contribute to a reduction in
the overall level differences. Similarly, analyzing the change in level at maxima only
provided a small increase in overall change as this method reduced any contributions
due to enhancement effects. However, the vector analysis showed a consistent and
larger effect of CAS on DPOAE level. Figure 2.11 clearly demonstrates a trend of
increasing residual with increasing CAS level.
While the results of the vector analysis revealed a similar trend as compared with
the other measures which excluded phase information, its robustness (larger size and
smaller relative variability) may prove important when investigating MOC strength
in clinical populations in which the detection of very small changes in strength may
be required. It should be noted that the use of a linear scale reduces the apparent
variance of the pressure differences. The ratio of the variance to the magnitude
of the difference is decreased with vector subtraction. In this light, clearer results
were obtained when phase was considered as well as amplitude. Results indicated
that vector analysis may be a more efficient and reliable estimate of MOC effects
than simple evaluation of the dB difference. In addition, calculation of the vector
difference provides a reliable alternative for those who are unable to separate the two
components.
However, it should be noted that the vector difference results in a directionless
vector, such that it will never be negative. When close to the noise floor, this could
result in erroneous measure of suppression. Therefore, care should be taken to ensure
measurements are sufficiently above the noise floor.
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2.6

Conclusions

Efferent stimulation produced a shift in the frequency of the fine structure leading
to both suppression and enhancement of total DPOAE level. Separating the DPOAE
components revealed consistent suppression and was an effective tool for estimating
CAS-induced changes in DPOAE, particularly in subjects with pronounced DPOAE
fine structure. If one is unable to separate the components, vector analysis, which
includes both magnitude and phase, is also a reliable method for evaluating CASinduced changes.
The apparent enhancement in total DPOAE level was due to CAS-induced shifts
in frequency of the DPOAE fine structure. The DPOAE fine-structure frequency shift
was attributed to phase leads observed for the reflection component. This is consistent
with efferent effects on the response of the basilar membrane at the reflection site (e.g.,
reduced cochlear gain).
Considering phase when evaluating efferent function provided a more direct assessment of MOC suppression. The frequency shift can be used to estimate the phase
leads of the reflection component. Clinical measurements with insufficient frequency
resolution should consider using DPOAE phase changes when evaluating MOC activity.
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CHAPTER 3: Wideband detection of middle ear
muscle activation using swept-tone distortion product otoacoustic emissions

3.1

Abstract

The measurement of efferent-induced suppression of otoacoustic emissions (OAEs)
using contralateral acoustic stimulation (CAS) is complicated by potential contamination by the Middle Ear Muscle reflex (MEMR), particularly at moderate to high
CAS levels. When logarithmically sweeping primaries are used to measure distortion product otoacoustic emissions (DPOAEs), the level and phase of the primaries
at the entrance of the ear canal may be monitored simultaneously along with the
OAEs elicited by the swept-tones. A method of detecting MEMR activation using
swept-tones is presented in which the differences in the primaries in the ear canal
with and without CAS are examined, permitting evaluation of MEMR effects over a
broad frequency range. A range of CAS levels above and below expected contralateral acoustic reflex thresholds permitted evaluation of conditions with and without
MEMR activation.
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3.2

Introduction

Otoacoustic emissions (OAEs), a physiological by-product of the active hearing
mechanism, have received considerable research interest due to their potential to predict incipient damage to the peripheral auditory system in humans (see Lapsley Miller
and Marshall, 2007, for a review). This active process depends on the outer hair cells
of the inner ear, which provide selective amplification of incoming sounds. In addition, an efferent neural pathway called the medial olivocochlear (MOC) system
receives bilateral input from the peripheral cochlea, which modulates the response
characteristics of the outer hair cells, and thus the active process.
The strength of the MOC reflex (MOCR) in humans has been of particular interest due to the ability of the MOCR to modulate peripheral auditory processing. It is
hypothesized that the MOC reflex pathway aids in the ability to process acoustically
relevant sounds in noise. Therefore, the assessment of MOCR strength may provide additional clinical indication of cochlear status and may be predictive of future
cochlear damage (see Guinan, 2010, for a review).
In humans, the MOCR has been investigated by measuring suppression of otoacoustic emissions in the presence of an MOCR elicitor (e.g. noise). MOCR activation
via acoustic stimulation has been found to be greatest when using broadband stimuli (e.g. broadband noise) and when stimulated bilaterally (Lilaonitkul and Guinan,
2009a). However, in practice, ipsilateral stimulation can be problematic due to difficulty in separating the MOCR elicitor from the probe stimuli and resultant OAEs.
Therefore, the use of contralateral acoustic stimulation (CAS) is most common as it
provides the test ear increased acoustic isolation from the efferent-evoking stimuli.
A potential confound when measuring MOCR efferent suppression of OAEs is the
activation of the middle-ear muscle reflex (MEMR), a brainstem response to loud
sounds which causes a contraction of the stapedius muscle, resulting in the stiffening
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of the annular ligament which connects the stapes to the oval window, thus modifying
sound transmission to the cochlea. The MEMR acts along a similar VIIIth cranial
nerve pathway as the MOCR and may be activated by common MOCR elicitors such
as broadband CAS. Consequently, when CAS levels are sufficiently high, MEMR
activation may produce a reduction in the measured OAE response due, at least in
part, to a decrease in signal transmission to the inner ear. This response may be
incorrectly interpreted as a reduction in OAE level due to MOC suppression.
Using distortion-product otoacoustic emission (DPOAE) to measure suppression
by CAS in awake rabbits, Whitehead et al. (1991) found suppressive effects to be dominated by MEMR effects, producing overall level shifts averaging 5-10 dB. Similarly,
DPOAE suppression was greatly reduced or nearly eliminated after the stapedius
muscle was severed in rats (Relkin et al., 2005). There was a clear effect of MEMR
activation on DPOAE levels when when relatively high CAS levels were used (e.g. >
60 dB SPL).
In humans, the extent of the effect of MEMR contractions on OAEs is less clear
as direct manipulation of the MEMR while maintaining constant stimuli is not possible. Several investigations have used high level CAS stimulation to investigate the
effects of MEMR contractions on DPOAE level and phase properties at a few discrete
frequencies (Williams and Brown, 1997; Sun, 2008a; Avan et al., 2000), revealing an
overall reduction in DPOAE level and shift in phase with MEMR activation. However, only a few select frequencies were evaluated. In addition, the assumption of
MEMR activation in subjects was indirectly assessed based on reference acoustic
reflex thresholds (ARTs) measured using various clinical devices.
The vast majority of investigations looking into MOCR effects have typically used
acoustic stimulation levels deemed ‘safe’, insofar as the elicitor levels used were not
thought to activate MEMR as compared to clinical recommendations (Abdala et al.,
2009) or by ensuring stimulation levels are below those measured on standard clinical
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devices (cf. Garinis et al., 2011). However, due to differences in stimulus and/or
elicitor configurations (e.g. noise bandwidth, number of overall eliciting stimuli), these
assumptions can lead to unwanted MEMR contamination. For example, measuring
ARTs using traditional tonal elicitors, as is performed clinically, has been shown to
yield ART estimates up to 13 dB higher when compared to wideband measures of
energy reflectance (Feeney et al., 2003). Thus, assumptions based on clinical measures
of ARTs may grossly under-estimate the appropriate CAS levels for use in MOCR
experiments in order for potential MEMR activation to be safely ruled out (cf. Feeney
et al., 2003; Goodman and Keefe, 2006; Deeter et al., 2009).
Several methods have been proposed to detect activation of MEMR contractions
during the measurement of OAEs. Using stimulus frequency otoacoustic emission
(SFOAE) phase-gradient delay characteristics analyzed over a narrow frequency region, Guinan et al. (2003) used the different time constants associated with each reflex
to separate MEMR contractions from combined MEMR and MOC reflex activation.
Based on averaged data across subjects, they found that MEMR contamination, as
indicated by a short group delay, became apparent at MOCR elicitor levels above 50
dB. However, several measurements are needed to perform this analysis, and drifts
in probe position, as well as the changes in the MEMR strength may influence the
results, making such an analysis difficult to perform reliably.
Using a nonlinear extraction technique to measure MOCR suppression of SFOAEs,
Goodman and Keefe (2006) included an additional low-frequency probe tone ( 250
Hz), presented simultaneously with a higher frequency SFOAE tone, to monitor
MEMR activation. As OAEs are more difficult to measure at low frequencies, MOCR
activity would be more difficult to detect, and changes in this low-frequency tone were
presumed to provide an indication of MEM activity. The significant advantage of this
technique over those previously proposed was the fact that both SFOAEs and MEMR
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monitoring probes were presented simultaneously, thus reducing overall measurement
time and providing an in-situ assessment of MEMR activity.
A limited number of investigations have attempted to assess MEMR activation
using DPOAEs. Deeter et al. (2009) used two separate techniques to access whether
MEMR activation was present. In one technique, a screening was performed in which
a single 602 Hz probe tone was monitored in time as a range of noise elicitors was
presented. Based on changes observed in the ear canal pressure, they deduced that no
activation was observable below a CAS noise level 80 dB SPL, though some potential
ear canal pressure differences are observable at the 70 dB SPL level used. Using a
similar procedure to the one described in this paper, Deeter et al. (2009) also compared
the level of the primaries used during their DPOAE paradigm to assess whether their
data were contaminated by MEMR activation. Again, they concluded that there was
no systematic effect based on the CAS levels used and that the variability observed
in the primaries could be attributed to calibration errors. However, as they did
not set out to explicitly investigate the potential impact of MEMR, their lack of
controlled calibration procedures could have prevented detection of any systematic
MEMR effects.
More recently, Goodman et al. (2013) analyzed eliciting transient evoked click
stimuli to detect changes with and without CAS. Click stimuli were extracted (timewindowed), bandpass filtered around 1kHz, and RMS magnitudes across with/without
CAS conditions were compared to an empirically derived distribution function based
on random sampling of the data. Using a statistical criterion, datasets were marked
for exclusion if a significant difference between conditions was found. While this technique proposes a well thought out criterion for exclusion of potentially contaminated
data, the effects of MEMR across frequency are still unclear.
In this paper we present a method to assess MEMR activation in a DPOAE
paradigm without the need for any additional monitoring stimuli. Using logarithmi53

cally sweeping primaries (Long et al., 2008), distortion product otoacoustic emissions
were measured along with the level and phase of the primaries at the entrance of the
ear canal, allowing for direct within-subject assessment of MEMR activation without
the need for any additional ‘monitoring stimuli’. Using CAS levels well above and below typical acoustic reflex thresholds, potential contamination by MEMR activation
on DPOAEs was systematically investigated. Differences in the stimulus properties
were monitored both with and without CAS and the resulting changes in ear canal
pressure and phase were used to provide an indication of MEMR activation. The
paradigm provides information about activation of the MEMR, as well as detailed information regarding the frequency range over which MEMR contractions may affect
estimates of MOCR using DPOAEs.

3.3

Experiment 1: Evaluation of MEMR as a function of
primary level

3.3.1

Methods

Measurement Paradigm
DPOAEs were measured using a swept-tone paradigm, in which primary tones f1
and f2 (f2 > f1 ) were logarithmically swept in frequency (Long et al., 2008). This
procedure exploits the time delayed nature of otoacoustic emissions to extract the
amplitude and phase of both the eliciting primaries, along with DPOAE components
from a single averaged recording with high frequency resolution (Long et al., 2008;
Kalluri and Shera, 2013). Each primary was presented via its own ER-2 (Etymotic
Research) insert speaker connected to a ER10A microphone probe assembly (Etymotic Research). DPOAE primaries were presented to the right ear of all subjects
tested in all following experiments. All stimuli were digitally generated at 44100
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Hz sampling rate and streamed to disk for offline analysis using custom recording
software for Mac OS X.
To elicit the MOCR, contralateral acoustic stimulation (CAS) consisting of broadband noise was presented via a third ER-2 insert earphone to the contralateral (left)
ear of the subject. DPOAEs were measured with and without CAS stimulation. The
CAS levels used to elicit MOCR effects were selected to be well above and below common acoustic reflex thresholds reported in the literature (e.g. Margolis et al., 1980).
In order to reduce the effects of cross-talk on the OAE recordings high CAS levels
were used, the CAS consisted of a frozen sample, the phase of which was inverted
on every other trial in order to provide temporal cancellation when the data was averaged. Calibration of all stimuli was performed using a constant-voltage technique,
and SPL levels were calibrated in a Zwislocki DB-100 3cc coupler.
Subjects
Seven (7) normal hearing subjects were recruited for this experiment. A full audiological assessment, including audiogram, tympanometry, and contralateral acoustic
reflex thresholds (cARTs) was performed at the time of testing. All subjects had
hearing thresholds better than 20 dB HL at all audiometric test frequencies. Measured cARTs ranged from 75 dB SPL to > 100 dB SPL. Preliminary analysis of the
data from two of the subjects (R1 & R2) was previously presented in Henin et al.
(2011).
Stimuli
Subjects were tested at two primary levels (L2 = 40, 50 dB SPL) and two CAS
levels, one well below and one above typical cARTs (LCAS = 40, 80 dB SPL). For all
primary & CAS level combinations, a swept DPOAE procedure was used (see Long
et al., 2008). DPOAEs were measured using the scissors level paradigm (Kummer
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et al., 1998) with a primary frequency ratio of f2 /f1 = 1.22, swept between f2 =
500 − 4000 Hz at a rate of 2 seconds/octave. For all conditions, two independent
measurements were performed using upsweeps (f2 = 500 − 4000) and downsweeps
(f2 = 4000 − 500).
In order to minimize potential order effects, CAS/noCAS trials were presented
in an interleaved fashion, with noCAS presentations followed directly by a CAS presentation. The CAS noise stimulus was turned on simultaneously with the sweeping
primaries. Each trial consisted of at least 48 sweeps, which were temporally averaged to obtain one analysis file for each condition. In order to reduce the effects of
probe drift, an evaluation of the stability of the position of the probe assembly was
performed using white noise at the start and end of each trial. To address concerns
regarding the stability of the measurements (e.g. drift in primary level over time), trials in which the spectrum of the noise differed by more than 0.5 dB at any frequency
between the start and end of the trial were discarded and repeated.
In addition, an artifact rejection algorithm was applied to reduce the noise in averaged files for each condition. The artifact rejection consisted of applying a weighted
average, proportional to the inverse residual RMS power spectrum, to non-overlapping
segments of each recorded sweep (Sanchez and Gans, 2006).
Data Analysis
A least-squares fit (LSF) procedure using a narrowband (2 Hz) analysis window
was used to extract estimates of level and phase for the primaries and the generator component of the DPOAE (for complete details, see Long et al., 2008). This
analysis technique allows for direct estimation of stimulus primaries along with OAE
components, without significant contribution of OAEs resulting from the primaries
themselves. As the stimulus frequency emissions associated with the primaries themselves have their own time delayed latency, these components will fall out of the
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Figure 3.1: (Color Online) Primary level differences (f2 , first column), primary
level phase differences (column 2), and DPOAE generator component level difference
(column 3) between with and without CAS conditions for all subjects in experiment
1. Shaded regions represent the ±1 standard deviation about the mean.
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analysis window, particularly at the low frequencies of interest in this paper (see
Long et al., 2008, for additional details).
Changes in primary level and phase of the f2 primary were used as an indicator
of MEMR activation. The f2 primary was chosen over the f1 primary because of the
extended frequency range covered by this component (e.g. 500-4000). Estimates of
the primary level and phase from trials in which CAS was presented were subtracted
from the trial averages in which no CAS was presented.
In addition to the analysis of the stimulus primaries, changes in the level of the
generator component of the DPOAE was assessed under CAS stimulation by computing the difference between noCAS and CAS conditions. The generator component of
the DPOAE, rather than the composite DPOAE, was used because this component
reflects the initial source of the distortion-products measured in the ear canal. In
addition, this component is generally larger in amplitude for the stimulus conditions
used, and therefore less susceptible to noise contamination. Consequently, changes
in the CAS parameters should have large effects on this component, and should be
more easily detected.

3.3.2

Results

Figure 3.1 presents representative examples of the changes in the f2 primary level
and phase, and the change in DPOAE generator component for all subjects and across
all stimulus combinations used. Changes in the f1 primary was nearly identical over
the same frequency range (see figure 3.2). In Figure 3.1 results from each subject
are shown on a different row, with f2 primary level differences shown in column 1,
f2 primary phase differences shown in column 2, and changes in DPOAE generator
component in column 3. Rows 5 & 6 represent two separate measurements from the
same subject (R6), collected more than 1 year apart, and is presented to show the
stability of the measurement protocol.
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No changes in the primary level or phase are observed in any of the subjects at
the lowest CAS level used in this experiment (40 dB SPL). In fact, at this CAS
level, represented by the light blue dashed line (L2 =40 dB SPL) and solid orange
lines (L2 =50 dB SPL), primary level and phase changes are nearly indistinguishable
from zero and with measurement lines almost entirely overlapping. We chose to
plot all primary-level and CAS combinations on the same figure to allow for an easy
comparison across all conditions.
As the CAS level was increased to 80 dB SPL, noticeable changes in primary level
and phase were observed in nearly all subjects, with the exception of subject R1. In
this subject, cARTs measured via a standard clinical device were found to be elevated
(> 100 dB SPL).
In subjects with detectable primary changes, regions with negative pressure changes
and positive pressure changes were observed. These primary level changes spanned
the range from the lowest frequency measured (e.g. f2 = 500) up to about 3000 Hz.
Easily detectable changes in primary phase (column 2) were also observed, indicating
a change in impedance of the middle ear (discussed in more detail in Section 3.5).
Changes in the DPOAE generator component are shown in the third column
of figure 3.1. When no noticeable primary changes are observed (first row), DPOAE
changes are small. All other subjects, in which clear evidence of primary level changes
are observable, DPOAE changes were largest at frequencies below 1500 Hz, after
which DPOAE changes were reduced. As the CAS level increased (from 40 to 80 dB
SPL), so did the magnitude of the DPOAE changes, with large changes (5-10 dB)
occurring over similar frequency ranges as the primary level changes.

3.3.3

Estimate of MEMR time-course

Given that the stimulus and noise were turned on simultaneously, one would
expect there to be differences between the time-course of MEM activation between
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Figure 3.2: f1 and f2 primary level changes (dB) as a function of frequency. Both
primaries show nearly identical differences over the common frequency range.
upsweeps and downsweeps. Downsweeps will reach the low frequencies (which are
most affected by MEMR) at the end of the sweep, whereas the MEMR will not
be fully activated at the start of the upsweeps. Therefore we expect primary-level
differences due to CAS stimulation will be different at these low frequencies. An
example of this difference is seen in figure 3.3. In this figure, solid and dashed lines
represent upsweeps and downsweeps, respectively. When the CAS80 is presented,
both sweep directions exhibit similar primary level differences except at the very low
frequencies, where upsweeps and downsweeps primary level differences diverge. While
upsweeps show an initial increase in level difference over the first few milliseconds (see
lower x-axis for time in the sweep), level differences for downsweeps continue to lower
frequencies. An estimate of the time to full MEMR activation can be obtained by
determining when the two curves converge.
In all subjects (6 of 7) with a large (e.g. > 0.01mPa) MEMR response, the mean
time to full MEMR activation was 1168ms (± 409ms), consistent with measures of
peak reflex latency measured using long duration signals at similar frequencies (refer
to table 1 in Church and Cudahy, 1984).
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Figure 3.3: Example of difference between upsweeps and downsweeps in the low
frequency range as a function of primary & CAS level (Subject R2). The first ordinate
axis represents the instantaneous frequency of the sweep, and the lower ordinate axis
represents the instantaneous time of the sweep. Solid and dashed lines represent
upsweeps and downsweeps, respectively.

3.3.4

Discussion

When the microphone remains suitably stable across a series of measurements,
the change in the primaries during CAS provides an indication of potential MEMR
activation resulting directly from changes due to stapedial muscle contraction. The
magnitude of the changes and the pattern of changes is very subject dependent. The
difference in the pattern makes clear that monitoring a single frequency may not be
an optimal indicator of MEMR activation.
In subjects with apparent MEMR activation based on changes in the primary level
and phase, changes in DPOAE appear to be greater over the same frequency region
where MEMR effects are observed. Primary phase differences also appear to provide
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an indication of MEMR activation, and may thus provide an additional indicator of
MEMR activation to primary level differences alone.
If the change in DPOAE is considered as an estimate of MOCR, as if often the
case in the literature, these ‘MOCR estimates’ may be contaminated by MEMR activation, particularly when the combined level of eliciting primaries and CAS is taken
into account. A second experiment was conducted in an attempt to further the understanding of the effects on MOCR over a larger frequency range and concentrating
on a narrower range of CAS levels more commonly used in MOCR research.

3.4

Experiment 2: Evaluation of MEMR as a function of
Frequency & CAS Level

3.4.1

Methods

Subjects
Eight (8) normal hearing subjects were recruited for this experiment, one of which
also participated in experiment 1 (R5). As in experiment 1, a full audiological assessment was performed to confirm hearing status. All subjects had hearing thresholds
better than 20 dB HL at all audiometric test frequencies.
Stimuli
This experiment used the same swept-tone paradigm described in Experiment
1, but only one primary level was used (L1 = 55, L2 = 40 dB SPL, Scissors level
paradigm). A range of CAS levels closer to commonly reported cARTs were used
(LCAS = 55, 65, 75 dB SPL). The use of a 40 dB primary level was chosen as clear
modification of these primary levels were obtained from most subjects with a CAS
level of 80 dB SPL. We, therefore, assumed that we would be more likely to ob62

Figure 3.4: (Color online) Differences in primary levels (f2 ) with and without CAS
conditions for all subjects in experiment 2. Shaded regions cover ±1 standard deviations about the mean.
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serve CAS effects (e.g. ranging from no MEMR activation to near or above MEMR
activation threshold) over this 55-75 dB SPL range with this primary level. In addition, primary sweeps spanned a broader frequency range than Experiment 1, with L2
swept from f2 = 500 − 8000 Hz. The same ‘interleaved’ stimulus presentation routine
described for experiment 1 was used (see section 3.3.1).
Data Analysis
The data analysis was the same as for Experiment 1.

3.4.2

Results

Primary level, primary phase, and generator component changes are shown in
columns 1-3 of Figure 3.4. The pattern of results presented here are similar to those
presented in Experiment 1, except that f2 spanned a wider frequency range, L2 was
constant at 40 dB SPL, and we used a range of CAS levels expected to cover the
MEMR threshold region.
As in experiment 1, there were associated changes in both primary level changes
(left column) and primary phase differences (middle column) as a function of increasing CAS level. Changes in primary level, primary phase, and DPOAE cover similar
frequency ranges (mostly below 3 kHz). As a function of frequency, primary level and
phase differences typically disappear after approximately 3 kHz, however, in some
subjects smaller effects span the whole frequency range. For example, subject R25
only shows small primary level differences in the range from 0.5-4 kHz, but larger
effects around 4-4.5 kHz.
Grouped results
DPOAE versus primary level changes grouped as a function of CAS level and
binned into octave frequencies are shown in Figure 3.5. Each marker represents a
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single averaged (e.g. up/down sweeps) data point at a single frequency within the
frequency range indicated at the top of the column. Each row presents data combined
from all subjects at each of the three CAS levels used. As changes in the primary level
are shown on the ordinate access, data which clusters around 0 dB can be interpreted
as regions for which little to no MEMR activation is present. At the lowest CAS level
(55 dB SPL), there are no observable changes in the primaries in any of the frequency
regions plotted. In addition, the amount of DPOAE change seems to be largest in
the lowest (0.5-1 kHz) range, and is reduced as the frequency region increases.
As the level of the CAS is increased, primary level differences appear (65, 75 dB
SPL) across frequency bins, but primarily in the lowest two frequency ranges (0.5-1
kHz, 1-2 kHz). DPOAE changes are also largest in these frequency regions, indicating
that MEMR contamination of the DPOAEs may be greatest in these regions as well.

3.4.3

Discussion

As in experiment 1, the pattern of DPOAE changes was found to increase systematically with increasing contralateral broadband noise, consistent with previous
research (Deeter et al., 2009). In addition, the frequency dependence of OAE suppression observed, e.g. largest changes in OAEs at lower frequencies, is similar to
that reported for SFOAEs (Lilaonitkul and Guinan, 2012) and TEOAEs (Goodman
et al., 2013). When the range of CAS levels are limited to a range where CAS thresholds were anticipated, changes in primary level, primary phase, and DPOAE are
observed. This suggests that changes in DPOAE amplitude during CAS stimulation
(often taken as estimates of MOCR) can be modified by MEMR activation. The
extent of this contamination appears to be subject dependent, with some subjects exhibiting large primary level and phase changes, along with large changes in DPOAE
levels, spanning similar frequency regions (e.g. R2). Other subjects produced only
small fluctuations in primary level and phase, and the resultant DPOAE amplitude
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Figure 3.5: (Color online) Primary level versus DPOAE level differences as a function
of CAS level in experiment 2. Data in each plot represent single measurement points
from all subjects at discrete frequencies within the octave range indicated at the top
of the figure. Each row represents a different CAS level. X-Y error bars represent the
standard deviation.
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Figure 3.6: (Color online) Ratio change (vector difference) of the generator component relative to the ‘unsuppressed’ (e.g. without suppressor) condition for all subjects
in experiment 2. Shaded regions represent ±1 standard deviations about the mean.
changes are small (e.g. R51). When viewed as a ratio change, relative to baseline
DPOAE measurements (Figure 3.6), these effects appear exaggerated, and provide
supporting evidence for a view that MOCR estimates are sometimes contaminated
by changes in middle-ear impedance due to MEMR activation.
In order to compare changes in DPOAE across subjects, it is useful to normalize
the suppressive effects relative to the subject’s baseline (e.g. NoCAS) DPOAE level.
This is because it is expected that efferent activity will produce more suppression of
larger amplitude DPOAEs as compared to lower level DPOAEs (cf. Guinan et al.,
2003). Figure 3.6 replots the data from figure 3.4 (column 3), but expressed as the
ratio of the vector pressure change relative to the ‘unsuppressed’ condition. Plotted
this way, two clear regions of CAS effects emerge; (1) a low frequency region (below
3-4kHz) in which large amounts of presumed MOCR effects are observed (0.2-0.8 suppression ratio), and transitioning quickly into (2) a high frequency region with more
moderate suppression (0-0.2). The large effects in this low frequency region presumably represent combined MEMR/MOCR effects. The small amount of suppression in
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the higher frequency region is consistent with previous reports (e.g. Lilaonitkul and
Guinan, 2012).

3.5

General Discussion

3.5.1

Advantages of swept-tones to detect MEMR activation

A clear advantage of the use of swept tones over discrete tone techniques is the
ability to acquire high resolution OAEs in a fraction of the time required to present
a sufficient number of discrete tones over the same frequency range. The equivalency of these two techniques has previously been demonstrated (Long et al., 2008;
Kalluri and Shera, 2013). By exploiting the time-versus-frequency dependence of
the eliciting primaries and resultant OAEs, the swept-tone approach allows for a
unique time-frequency analysis and extraction of multiple components (e.g. stimulus primaries and OAE components). When combined with a differential paradigm,
as applied here, the component separation procedure was further exploited to enable simultaneous monitoring of changes in stimulus primaries along with changes in
OAEs. The separation of the two major DPOAE components has already been establish to prevent contamination of estimates of CAS presentation on DPOAE which
is generated by the interaction of the two major components (Henin et al., 2011).

3.5.2

Detecting MEMR contamination of DPOAEs

Conventional estimates of MOCR strength in humans rely on the measurement of
suppression of OAEs under CAS stimulation. In order to obtain accurate estimates
of MOCR based on the suppression of DPOAEs under CAS stimulation, detection
of potential contaminates, such as MEMR activation is essential. Narrowband analysis of the swept primaries used in these experiments permits detection of potential
MEMR contamination based on changes in primary level and phase of the swept
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primaries uncontaminated by any SFOAE generated by the sweeps themselves. In
typical ‘discrete’ DPOAE paradigms, in which discrete primary tones are presented
rather than sweeping tones, the influence of SFOAEs resulting from the primary tones
themselves may potentially contribute to primary level changes (e.g. overlap between
stimulus + emission). However, by using swept tones, along with a narrowband filter
window, the time delayed SFOAEs fall outside the analysis window, and thus do not
influence our estimates of the primary level and phase. Consistent with (Goodman
and Keefe, 2006), activation of MEMR appears to be variable across subjects, with
some subjects showing primary level and phase changes at CAS levels as low as 55
dB SPL, while others show no signs of MEMR activation at any of the levels tested.
Changes in DPOAEs in subjects who showed little to no evidence of MEMR effects on the primaries are in line with estimates of the frequency tuning of the MOCR
reflex Lilaonitkul and Guinan (2012). Specifically, MOCR seems to be greatest at
lower frequencies (e.g. 500 Hz) and diminish at higher frequencies (e.g. 4 kHz). In
all subjects, changes in DPOAE level and phase exhibited a similar pattern. However, changes in DPOAE in the frequency regions overlapping with the changes in
primaries are more pronounced in subjects for whom MEMR effects were apparent in
the primaries. For example, in figure 3.1, many properties indicative of the MEMR
activation found in the primaries, such as the exaggerated humps in DPOAE level
differences, are mirrored in the DPOAE changes often used to estimate MOCR.
The differential effects observed in primary level and phase changes presumably
reflect the activation of the MEMR. More specifically, contraction of the stapedius
muscle pulls the stapes perpendicular from its axis of primary motion, stiffening the
annular ligament which holds the stapes on the the oval window and thus increasing
the impedance of the middle ear cavity. When the tensor tympani and stapedius muscles were stimulated individually, Nuttall (1974) reported that sound transmission, as
measured via changes in the cochlear microphonic in guinea pig, was primarily atten69
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Figure 3.7: Simple middle-ear transfer function modeled as two damped harmonic
oscillators in parallel. A-B Frequency response of the model. The red curve represents
the transfer function with an increased stiffness. C-D Change in amplitude and phase
of the modeled transfer functions.
uated at low frequencies, but also, that a gain could be observed in the mid-frequency
range. While it is presumed that the tensor tympani does not activate at moderate
sound levels (Popelka and Hunter, 2013), changes in both amplitude and phase of the
middle ear transfer function reported with stapedial muscle stimulation appear qualitatively similar to the primary levels changes reported here, providing support for
the notion that MEMR activation may have a two-fold effect on stimulus primaries;
One which attenuates low-frequencies, and a second where some frequencies are amplified. In a simple simulation, in which the middle-ear transfer function is modeled
as two damped harmonic oscillators in parallel, the effect of increasing the stiffness
of one of the resonators (e.g. contraction of the stapedius muscle) results in similar
behavior changes to those observed in the experimental data (see Figure 3.7). While
this simplified example may help explain the observed changes in stimulus primaries,
it does not provide an indication as to how much sound transmission may be entering
the cochlea, or how reverse transmission would be affected.
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Evaluation of MEMR activation on DPOAE estimates is complicated by the fact
that changes in sound transmission through the middle ear will modify the levels of
the primaries on the basilar membrane. In regions with positive pressure changes in
the ear canal, the increase in reflected energy recorded may reflect changes in the
level of the stimuli entering the cochlea. Since the level of the DPOAE depend on the
levels of both primaries (Gaskill and Brown, 1990; Whitehead et al., 1995a,b), the
OAE level is expected to change, even if the MOCR is not involved. This will alter
the baseline DPOAE level used for estimating the strength of the MOCR. Noticeable
increases in DPOAE level differences along with increases in primary level differences
are, however, easily observed (for example, Figure 2) in most subjects, suggesting
that such a baseline shift may be occurring, and thus estimates of MOCR based on
DPOAE differences are contaminated.
The observed primary level differences in the ear canal bare a striking resemblance
to changes in wideband acoustic reflectance (see Figure 2 in Feeney and Keefe, 1999),
in which changes in reflectance were measured as a function of increasing contralateral
tonal activator levels. The similarities provide additional support for this technique
as an in-situ monitoring tool to detect changes in the middle-ear.
These results indicate that care must be taken when estimates of MOCR strength
are inferred from measurements of OAE suppression. In particular, broad frequency
information is required in order to assess whether estimates are out of range of any
potential MEMR contamination for a particular subject. In the absence of this knowledge one could under- or over- estimate MOCR strength depending on the frequency
region of DPOAE changes in relation to MEMR effects in that individual. In addition, ruling out potential MEMR based on measurements of cARTS made on clinical
devices is suboptimal, as subjects showed primary level and phase changes even at
moderate CAS levels (e.g. 65 dB SPL), below the range of cARTs reported for these
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subjects, and consistent with cARTs previously reported (Goodman and Keefe, 2006;
Feeney and Keefe, 1999).
While the analysis of primary level and phase changes provides an indication of
MEMR activation, this analysis only considers changes in forward transmission of
the ear-canal stimulus (e.g. changes in reflected energy). An additional confound
is the effect of MEMR activation on reverse transmission of the OAEs. It is likely
that similar impedance changes, in this case looking out of the cochlea, will affect
the measurement and estimate of the OAE reaching the ear canal. Therefore, the
changes in MOCR cannot be fully attributed to the changes in forward transmission
observed in the primaries. Further investigation of the impacts of MEMR on both
forward and reverse transmission is needed.
In general, we found that CAS less than or equal to 55 dB SPL seemed to produce
little to no primary levels differences in the subjects tested, indicating that these levels
may be safe to use. However, based on the subject-specific patterns of primary level
differences, one cannot assume that a particular CAS level was safe for any given
individual. The varying extents of primary level and phase effects observed across
subjects, as well as subject differences across the range of CAS levels used make such
recommendations dangerous. In order to come up with adequate recommendations
for which CAS levels to use in future studies of MOCR, a more comprehensive set
of conditions (e.g. CAS spanning 40-80 dB, in 2 dB Steps) requires testing, but is
beyond the scope of the present paper.
While the observed effects on stimulus primaries as a function of CAS level are
consistent with effects observed using other techniques at similar CAS levels (e.g.
Goodman and Keefe, 2006; Goodman et al., 2013), one potential issue exists when
using swept tones to detect MEMR activation; The use of a swept-tones could itself
potentially facilitate MEMR activation. Both ipsilateral and bilateral facilitation of
the MEMR can be achieved by presenting additional sub-threshold stimuli along with
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a tone elicitor (e.g. binaural summation of the acoustic reflex) and ARTs decrease as a
function of total elicitor bandwidth (Popelka et al., 1976; Blood and Greenberg, 1981;
Kawase et al., 1997). When using swept-tones, ARTs would be expected to decrease
if neural synchronization across frequency were sufficient to activate the reflex at
lower than expected levels. For example, Müller-Wehlau et al. (2005) used optimized
chirp stimuli meant to compensate for basilar membrane travel time, and found that
ART could be significantly reduced. The compensated chirp stimuli were thought
to increase across-frequency neural synchrony, thus reducing ARTs. However, a fast
sweep (e.g.

90ms chirps, 0.1-8 kHz) would be required to achieve such synchrony.

In part, this is due to the relatively large bandwidth of the acoustic reflex, whose
critical band is thought to be several times larger than that of the auditory filters
(Djupesland and Zwislocki, 1973) and therefore requiring fast (nearly simultaneous)
broadband presentation of reflex elicitors.
However, since the sweep rate of the primaries used here was relatively slow (e.g.
2 seconds/octave, total duration T=6s), we believe such neural synchrony would
be difficult to achieve using the present paradigm. In addition, neural synchrony is
expected to be smaller for down-sweeps as compared to up-sweeps (Shore and Nuttall,
1985), and therefore one would expect to see differences in the amount of primary level
changes between these two conditions. No such differences were observed between the
up- and down-sweeps as shown by the small standard deviation (shaded error bars)
in figures 3.1 & 3.4. Whether the use of faster sweep rates, such as those used by
other investigators (Bennett and Özdamar, 2010; Kalluri and Shera, 2013, cf.) could
elicit lower threshold ARTs warrants further exploration.
The current experiments outline a method by which MEMR activation may be
detected in individual subjects but does not set forth guidelines to determine which
CAS levels may be deemed safe to use in the evaluation MOCR in humans. Rather,
the method proposed could enable an investigator to detect possible MEMR activa73

tion, and thus limit CAS levels for a particular subject to that which produces no
observable primary level changes, such as those reported in experiments 1 & 2. In
such a way, potential contamination by MEMR could be assessed on a subject-bysubject basis, and data deemed reliable when changes in primary level and/or phase
are not observed. However, it should be cautioned that such an analysis requires
careful monitoring of probe position, as drifts in probe placement over the course of
the experiment may lead to primary changes being obscured.

3.6

Conclusions

These experiments confirm the need to monitor MEMR activation on an individual
basis and suggest that it is essential to use relevant acoustic stimuli when doing
so (e.g. the measurement stimulus itself). This study demonstrates that closely
monitoring the eliciting stimuli provides detailed wideband information regarding the
activation of the MEMR and its potential contamination of DPOAE. In addition,
the data highlight that, contrary to what has been previously suggested (Liberman
and Guinan, 1998), MEMR and MOCR effects manifest in similar cochlear regions,
thus necessitating further study (and perhaps more complex procedures) in order to
completely separate their individual effects on OAEs in humans.

3.7

Acknowledgments

This research was supported in part by the Office of Naval Research work unit
number WU50904 through the Naval Submarine Medical Research Laboratory. The
views expressed in this article are those of the author and do not necessarily reflect
the official policy or position of the US Department of the Navy, US Department of
Defense, nor the US government.

74

CHAPTER 4: Evaluating the role of efferent inhibition on cochlear responses: Simultaneous psychophysical and otoacoustic emission measures

4.1

Abstract

Psychoacoustic experiments in humans provide evidence that the auditory system
continuously adapts to changes in the acoustic environment. One such example of
these dynamic changes in perception is the improvement in signal detection in the
presence of background noise. It has been hypothesized that this threshold improvement is mediated by feedback from the efferent olivocochlear system. In an attempt
to determine the role of efferent inhibition in this task, a procedure was developed to
measure simultaneous psychoacoustical thresholds and otoacoustic emissions (OAEs)
under identical stimulus conditions. Cochlear responses to short tone-burst stimuli
were analyzed when the tones were placed near the beginning or delayed from the
onset of a long duration ipsilateral masker. Responses to tones delayed from the onset of the masker were found to be reduced when compared to tones near the onset.
Concomitant changes in perceptual thresholds and OAEs were also observed and are
consistent with the hypothesis that both stem from efferent activation. However,
a direct correlation between the magnitudes of psychoacoustic thresholds and OAE
responses was not observed across individuals as a group and reveals that these OAE
changes cannot explain all the inter-subject variance.
75

4.2

Introduction

One of the remarkable features of the mammalian auditory system is its ability
to discriminate sounds in a complex acoustic environment. The ability of the auditory system to separate (segregate) out meaningful sensory information from a noisy
background necessitates sophisticated processing strategies throughout the auditory
system. To this end, auditory masking, or the ability of a sound to mask another,
has been the subject of a considerable amount of research. However, this research
has tended to focus mainly on the spectral content and/or intensity levels involved
in masking. Given that our complex, everyday acoustic environment contains signals
whose spectrum content and intensity varies rapidly over-time, an understanding of
temporal characteristics of auditory processing is critical.
A classic example of this temporal processing is demonstrated by the increased
perceptual salience of pure tones as they are delayed from the onset of a simultaneous noise masker. This improvement in sensitivity for a pure tone indicates that
the dynamics of the auditory system continually ‘adapt’ to changes in the acoustic
environment. First described by Elliott (1964), and elaborated by Zwicker (1965a),
the mechanisms underlying this temporal ‘overshoot’ have been the subject of considerable debate.
In his classic experiments, Zwicker (1965a) showed that the masked threshold of
a pure-tone ‘overshot’ its expected value as the delay between the pure-tone and the
onset of a masker was reduced. As a signal is delayed from the onset of a masker
(early-onset vs. late-onset of the signal), signal thresholds tend to decrease systematically until approximately 200-ms, at which point thresholds tend to remain stable
(Zwicker, 1965a,b). Typically, overshoot can vary from only a few dB up to about
15 dB, depending on the stimulus paradigm used and subjects tested (cf. Bacon and
Takahashi, 1992).
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Various hypotheses have been proposed to explain the underlying mechanisms involved in temporal overshoot. One hypothesis is that overshoot is the result of neural
adaptation of the auditory nerve (AN) fibers (Viemeister, 1980). Primary auditory
nerve fibers exhibit a rapid ‘adaptation’ in their firing rates as the duration of exposure to sounds that excite them increases (Smith and Zwislocki, 1975; Smith, 1979).
Thus, a reduction in AN firing to a masker would provide increased sensitivity to
a delayed stimulus (e.g. adaptation of auditory neurons). Although neural adaptation is almost certainly involved in temporal processing, it alone cannot account for
many of the features observed in temporal overshoot. AN recordings suggest that
neural adaptation would provide approximately 3-5 dB of improvement in perceptual
thresholds (Smith and Zwislocki, 1975), far less than that observed in many subjects
(Strickland, 2001, cf.). In addition, overshoot has been reported using off-frequency
(Bacon and Savel, 2004) and notched-noise maskers (Strickland, 2004), thus precluding neural adaptation since adaptation tuned at the probe frequency is not expected
under these conditions. Another hypothesis suggests an adaptation-of-suppression
mechanism, in which there is a release from masking by off-frequency components,
such that the effective gain of a target stimulus is increased (Viemeister and Bacon,
1982). However, no evidence for adaptation-of-suppression mechanism was reported
when neural responses in guinea pigs were measured using similar stimulus conditions
(Palmer et al., 1995).
A more compelling hypothesis suggests that temporal overshoot is the result of
a more peripheral ‘gain adaptation’ mechanism at the level of the basilar membrane
(von Klitzing and Kohlrausch, 1994). The nonlinear amplification mechanism (or
‘active process’) in the cochlea has been widely studied (Cooper et al., 2007, for a
review). It provides a substantial increase in dynamic range by mapping the wide
range of acoustic input levels onto the relatively smaller dynamic range of neurons at
later stages of auditory processing (cf. Sachs and Abbas, 1974; Dean et al., 2005). This
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hypothesis proposes that the efferent projections of the medial olivocochlear (MOC)
system, which synapse on the outer hair cells (OHCs) of the cochlea, provide an
inhibitory feedback mechanism, selectively reducing the gain provided to the basilar
membrane. For example, in experimental animals, providing electrical stimulation
to MOC neurons while monitoring BM displacement to a pure tones reduces BM
displacement up to 27 dB (Murugasu and Russell, 1996). At the level of the auditory
nerve, similar electrical stimulation of the MOC system results in a dramatic decrease
in discharge rate of individual auditory nerve fibers to pure tones (Wiederhold and
Kiang, 1970). Thus, this reduction in cochlear amplification provides an increase in
signal-to-noise ratio at the level of the afferent auditory nerve.
In support of this hypothesis, overshoot effects are reduced when the health of the
OHCs is compromised; i.e. in subjects with sensorineural hearing loss (Bacon and
Takahashi, 1992), following intense sound exposure (Champlin and McFadden, 1989),
and in subjects administered acetylsalicylic acid (aspirin) (McFadden and Champlin,
1990). In addition, the time course of the temporal effect, which shows increases
in behavioral thresholds up to approximately 200-ms (Zwicker, 1965b), is similar to
that of efferent MOC feedback, with MOC feedback being particularly effective with
stimuli that last approximately 100-200 ms (Backus and Guinan, 2006).
It is hypothesized that a general consequence of MOC inhibition would be to
provide increased ability to discriminate signals in noise (Kawase et al., 1993). However, few examples in the literature provide convincing, direct evidence for the role of
MOC-inhibition in temporal processing in humans. Giraud et al. (1997) found that
speech-in-noise detection improved when subjects were presented with contralateral
acoustic stimulation (CAS), which is known to activate the contralateral MOC pathway. Poorer speech-in-noise recognition scores have also been reported for subjects
who underwent a vestibular neurectomy, in which the olivocochlear bundle is severed
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(Zeng et al., 2000). However, results were limited to a small number of subjects, and
confounded by hearing loss in the subjects.
Otoacoustic emissions (OAEs) provide a unique, non-invasive assay of basilar
membrane mechanics. As a byproduct of the active mechanical amplification process
in the cochlea, low-level sounds can be emitted by the ear and recorded with a sensitive microphone placed in the ear canal. First reported by Kemp (1978), OAEs are
thought to result from at least two separate mechanisms: a linear coherent reflectionsource in which mechanical perturbations along the BM produce a backward traveling
wave and a nonlinear-source in which the backward traveling wave results from the
nonlinear processing on the basilar membrane (cf. Talmadge et al., 1999; Shera and
Guinan, 1999; Shera, 2004). In humans, OAEs may be used to assess mechanical properties at the level of the basilar membrane, and additionally, to assess modification
of these properties under temporal conditions. A few studies have attempted to use
OAEs investigate the role of MOC inhibition in temporal processing, but again, with
mixed results. Wagner et al. (2008) did not find a correlation between speech-in-noise
thresholds and measures of MOC strength based on CAS suppression of DPOAEs.
Relating a measure of cochlear compression using DPOAE input/output function,
Zhou et al. (2010) found that sensitization of masked tones using various precursors
did not correlate directly with compression, but did correlate with the amplitude of
the lowest level DPOAE measured, suggesting that sensitization does depend in some
part on the amplification process mediated by the OHCs (e.g. stronger sensitization
relates to a stronger active mechanism). More recently, Garinis et al. (2011) reported
moderate correlations between masked thresholds and CAS suppression of DPOAEs.
The inability of such experiments to arrive at a consensus may be due in part to
the dissimilarity of the psychophysical and OAE measures; measurements are often
collected in different experimental trials under different stimulus conditions.
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Recent investigations have attempted to relate OAEs to temporal overshoot using
similar stimulus conditions for OAE and psychoacoustic measurements, but have also
yielded mixed results. Keefe et al. (2009), using a modified maximum-likelihood procedure to estimate ‘thresholds’ of stimulus-frequency otoacoustic emissions (SFOAEs)
found no overshoot-like effect in their estimated threshold level, whereas, behavioral
measures conducted under similar stimulus conditions exhibited typical overshoot effects. However, their choice of ‘thresholding’ method employed to measure SFOAE
threshold may have underestimated SFOAE amplitude. In a similar experiment,
Walsh et al. (2010) extracted the non-linear component of SFOAEs magnitude in
a double-evoked paradigm under temporal overshoot conditions. Compared with a
similar behavioral experiment, overshoot measured using their nonlinear OAE technique exhibited similar overall levels of overshoot. However, their technique, in which
the non-linear portion of the OAE is extracted from the summation of independent
presentation (e.g. double-evoked procedure, see Keefe, 1998), implied that overshoot
was measured as a function of two, independent masker levels. Therefore, their finding may be an indication of MOC reflex strength alone, instead of a direct reflection
of the hypothesized peripheral gain adaptation thought to play a role in temporal
overshoot.
While MOC neurons provide inhibitory responses to the OHC of the cochlea, additional descending corticofugal pathways may also play an important role in auditory
temporal processing. Specifically, cochlear sensitivity has been shown to be regulated
to some extent by cortico-olivocochlear circuits (León et al., 2012) and to be dependent on attentional demands imposed during psychophysical tasks. For example,
cochlear sensitivity in chinchillas, as measured via auditory nerve compound action
potentials (CAP), was reduced when attention was shifted from an auditory-only task
to a visual task (Delano et al., 2007). Similar OAE modifications have been reported
in humans. For example, when human subjects were asked to attend to the evoking
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stimulus, OAEs were found to increase when compared to a non-attending condition
(Giard et al., 1994). In addition, MOC-mediated inhibition was found to be reduced
when subjects were asked to attend to either the evoking stimulus and/or noise as
compared with a non-attending condition (Harkrider and Bowers, 2009). Therefore,
while the role of attention has not yet been well established in the literature, the
contribution of attention to temporal processing may be an important factor to consider, and may reflect additional corticofugal processes which regulate MOC efferent
feedback provided to the OHCs.
To test the hypothesis that temporal processing is mediated by MOC inhibition of
cochlear amplification in the auditory periphery, a novel paradigm was developed to
assess MOC inhibition within a psychophysical temporal masking experiment. This
technique uses short, tone-bursts as the probe stimuli, similar to those used in previous
behavioral ‘overshoot’ experiments (cf. Bacon and Takahashi, 1992). The same probe
was used to elicit subject responses in a behavioral task and simultaneously evoke
OAEs (in this case, tone-burst evoked OAEs). Behavioral thresholds and OAEs were
then compared to assess whether perceptual overshoot is associated with concomitant
changes in OAEs, thus attempting to establish a link between behavioral overshoot
and inhibition of cochlear responses due to efferent feedback.

4.3

General Methods

In order to obtain simultaneous behavioral and physiological measures, a measurement paradigm was developed in which both behavioral overshoot and otoacoustic
emissions could be obtained together. To accomplish this, the paradigm must be
relatively fast (in order to reduce subject fatigue) as well as must contain enough
measurements in order to provide an adequate signal-to-noise ratio for OAE measurement. Tone-burst stimuli have many commonalities with the stimuli used in
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behavioral experiments, making them a prime candidate for use in a combined psychophysical/OAE experimental paradigm.
It was first desired to establish that this technique could, in fact, provide a reliable measure of MOC-induced suppression of the tone-burst emissions (TBOAEs).
Therefore a preliminary experiment was conducted using contralateral acoustic stimulation (CAS), a common elicitor of MOCR activity in humans. The general methods
described in the following section apply to all experiments presented in this paper.
Specific methods pertaining to each individual experiment are discussed in separate
methods section below.

4.4

Stimulus presentation & acquisition

Custom MATLAB software (Mathworks® , version 2008b) was used to present all
stimuli and record all responses. All stimuli were delivered via a MOTU 828mkII
audio interface (32-bit, 44.1 kHz) and buffered via TDT HB6 (Tucker Davis Technologies, Alachua, FL) to a ER-10B+ probe assembly (Etymotic Research, Elk Grove
Village, IL) placed in the subject’s ear-canal. The output of the ER10B+ measurement microphone was amplified by an Etymotic pre-amplifier before being converted
by the MOTU 828mkII and streamed to disk. All stimuli were calibrated using
KEMAR head & torso simulator (G.R.A.S Sound & Vibration) with a calibrated
microphone (Bruel & Kjaer model 2218).

4.4.1

Subjects

Data was collected from a total of 12 ears (8 Individuals, 6 Female, 2 Male).
All subjects had normal hearing as assessed via a standard audiometric test battery including audiometric thresholds at or below 15 dB HL at octave frequencies
between 250 and 8000 Hz, and normal middle-ear function determined by tympa82

nometry (Grason-Stadler (GSI) middle-ear analyzer). Subjects were compensated
$15/hr for their participation. A typical test session lasted approximately 2 hours.
All methods were reviewed and approved by the CUNY Institutional Review Board.

4.4.2

Stimuli: Tone-burst stimuli

The probe consisted of a fixed-level 30 dB peak-to-peak equivalent SPL (ppeSPL),
10-ms tone burst, with 5-ms cosine2 onset and offset. To obtain an OAE measurement
with a the largest signal-to-noise ratio, each subject was prescreened to obtain the
OAE with the largest measured emission in the range 1000-1300 Hz. Table 4.1 shows
the frequencies at which each subject was tested. Tone-bursts in this frequency range
were used to facilitate separation of the stimulus from the subsequent evoked emission
(see Section 4.4.3 below for additional details on TBOAE analysis).

4.4.3

Data Analysis

The inherent latency of OAE (e.g. the evoking stimulus must travel from the
external ear, through the middle ear, to a tonotopic location in the cochlea, where
it is re-emitted to the outer-ear as an emission after traveling back along the basilar
membrane), permits low-frequency emissions to be more easily separated from the
evoking stimulus due to their relatively long round-trip travel time as compared with
higher frequency emissions (e.g. round-trip travel time, Shera, 2004). For example,
the round-trip travel time for an 8 kHz elicitor has been estimated at about 4ms,
Table 4.1: Frequency of probe stimulus for all subjects.

Subject

Freq.(Hz)

T1

T2

T3

T4

T6

T7

T8

T9

T10

T1L

T2L

T6L

1235

1225

1095

1275

1175

1245

1170

1125

1040

1095

1125

1095
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whereas approximately 10-12 ms for a 1 kHz elicitor (Harte et al., 2009). Using short,
tone-burst stimuli, a delayed emission is clearly observable (see, for example, Tanaka
et al., 1990) without the need for significant signal processing techniques or stimulus
manipulations based on physiological assumptions.
The recorded in-ear sound pressure level was analyzed using a least-squares fit
(LSF, see Talmadge et al., 1998) procedure with the LSF filter window centered at the
probe frequency. Responses averages were analyzed in 2-ms windows (1/10 window
overlap). Each analysis is reported in terms of the changes between two experimental
conditions (e.g. early-onset vs. late-onset in a temporal overshoot paradigm, refer
to methods for experiments 2), which represent differences attributable to inner-ear
mechanical changes (e.g. basilar membrane non-linearity). As such, physiological
overshoot was estimated by comparing TBOAEs measured in the late-onset versus
the early-onset conditions, and similarly as the differences between these amplitudes
changes, TOAE,early−onset − TOAE,late−onset . An estimate of the noise floor was computed
in the same fashion, except the averaged response was obtained by inverting the phase
of every other pair of trials, thus canceling any signal-related components.

4.5

Experiment 1: Measuring CAS-induced suppression of
tone-burst evoked emissions

Given the novel approach to measuring MOC-induced changes in tone-burst evoked
OAEs (TBOAEs), it was first desired to test the method using a measurement
paradigm with a predictable outcome. Specifically, the use of contralateral acoustic
stimulation to suppress OAEs has been well documented (cf. Lilaonitkul and Guinan,
2009b; Deeter et al., 2009; Henin et al., 2011), and shown to provide consistent suppression of single-source OAEs such as SFOAEs and TBOAEs. Therefore, to test the
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effectiveness of the paradigm, it was first assessed by investigating the effect of CAS
on TBOAEs.

4.5.1

Stimuli & Methods

A tone-burst stimuli at a frequency determined for each subject, was used as the
probe stimulus. To elicit the MOC reflex, a broadband CAS was presented at 56 dB
SPL to the contralateral ear of each subject. This CAS level was used because it is
expected to activate the MOCR but is not expected to elicit MEMR activity (refer
to figure 3.4 in Chapter 3). A series of 6 trials (3 CAS / 3 noCAS) consisting of 96
TBOAE recording were conducted. In each trial, 96 responses, 100-ms in duration,
were obtained. An online artifact rejection routine was applied to each recording, in
which a recorded response was eliminated if it increased the overall RMS noise of a
running averaged response by more than 10%. This threshold criteria was determined
empirically during piloting of the experiment, and was found to successfully eliminate
responses which contained spurious noises associated with body movement and other
biological noises such as swallowing. During CAS trials, the noise elicitor was turned
on 1 second prior to acquisition of TBOAEs and remained on for the duration of
the trial. Presentation of CAS/noCAS trials was counter-balanced to avoid order
effects. An estimate of the noise floor was obtained by inverting the phase of every
other recording, averaging the result, and applying the same LSF filtering technique
described previously.

4.5.2

Results

In figure 4.1, representative LSF analysis of the magnitude to the recorded responses in the noCAS / CAS conditions are shown for two subjects1 . The two subjects depicted exhibit different responses to the tone-burst and show varying degrees
1

Response plots for all subjects are provided in Appendix B
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suppression of the TBOAE response (red curves) relative to the noCAS condition
(black curves). In order to quantify this difference, the area under the curve (AUC)
was determined (in Pascals) for both conditions during a specified ‘OAE window’
defined as 2-15ms after to the offset of the probe stimulus (or 12-25ms relative to the
onset of the probe), and is demarcated by the inset plots in figure 4.1. This analysis
window was chosen in order to capture effects due mainly to primary emissions (e.g.
beyond any lasting stimulus artifacts, but before any re-reflected emissions are expected). Data points in this analysis window that were less than 2x (6 dB) above the
estimated noise floor, were zeroed out so that they did not contribute to the overall
AUC measure.
The AUC analysis for all subjects is shown in figure 4.2. Across subjects, AUC
magnitude varied widely, with certain subjects only showing small magnitudes, indicative of small baseline OAE magnitudes (e.g. T3, T4). In contrast, subject T8
exhibited the largest baseline AUC magnitude (e.g. large TBOAE magnitude), as well
as the largest amount of TBOAE suppression with CAS presentation. This subject
has the largest emission and efferent activation is expected to have a greater effect on
larger emissions, which results from greater cochlear gain, permitting larger neural
inhibition (cf. Guinan et al., 2003). In general, most subjects showed a reduction in
overall AUC area in the CAS condition, indicating that a CAS-induced suppression of
the measured TBOAEs. As a group, subjects showed a significant reduction in AUC
amplitude between the noCAS & CAS conditions as measured using a one-tailed
paired t-test (p=0.019).

4.5.3

Discussion

When the amount of MOC-induced suppression of the responses is computed as
the ratio change from baseline (e.g. CAS0, not shown), values of suppression are
in the range from -0.05 to 0.27, consistent with the range reported using SFOAEs
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Figure 4.1: Representative magnitude plots showing analyzed TBOAE as a function
of time for two subjects (T7, top; T8, bottom). The insets show a close-up of the
analysis area defined by the area of the box (time = 12-25ms relative to onset of
the probe). The arrow shows the preceding probe stimulus. The black curve is the
condition measured without CAS, the red with CAS. The shaded area represents the
standard error of the mean (SEM). [Note the differing ordinate scales on the inset
plots in both top and bottom panels (in µPa)]
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Figure 4.2: Plot of the area under the curve (AUC) analysis for noCAS vs. CAS
conditions for all subjects. A sign-test revealed a significant difference between conditions (p = 0.019), indicating a consistent suppressive effect of CAS on the TBOAE
as a group. (Error bars represent the SEM.)

(Lilaonitkul and Guinan, 2012). The results of this preliminary experiment establish
that this procedure for measuring OAEs using short tone-burst stimuli (TBOAE) is
capable of measuring MOC-mediated suppression using contralateral acoustic stimulation and provides support for its use in measuring similar MOC-mediated acoustically evoked phenomena.

4.6

Experiment 2: Relationship between psychophysical
and physiological measures of temporal overshoot

4.6.1

Stimuli & Methods

In order to induce both temporal overshoot and MOC activation, a broadband
masker was selected as a temporal masker for this experiment. Broadband maskers
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have been shown to produce temporal overshoot (e.g. Zwicker, 1965b; von Klitzing
and Kohlrausch, 1994), as well as induce robust suppression of OAEs (e.g. Veuillet
et al., 1991). In order to facilitate removal of the masker from recorded response
measurements, the masker consisted of a broadband ‘frozen-noise’, whose phase was
inverted on each sequential presentation, such that the response of masker in the final
averaged recordings would be canceled. The use of frozen noise maskers has been
similarly applied to measures of temporal overshoot (von Klitzing and Kohlrausch,
1994; Keefe et al., 2009; Walsh et al., 2010).
To minimize spectral variability of the masker (cf. von Klitzing and Kohlrausch,
1994), the probe was placed at the same location within the noise sample. For example, in the early-onset condition, the masker sample was generated by taking the last
400-ms from a broadband noise sample (0.1-16kHz, total duration of 600-ms), beginning at 200-ms (e.g. probe delayed 10-ms from onset of the masker). The masker
in the late-onset condition was generated by taking the the first 400-ms of the noise
sample (e.g. probe delayed 200-ms from onset of the masker). Figure 4.3 schematically illustrates how the frozen noise sample was generated in each condition for each
subject.

4.6.2

Part A: Measurement of masked thresholds & OAEs

Subjects were seated in a comfortable chair in an IAC sound-attenuating booth.
Subject responses were recorded via wireless mouse. Masker level at detection threshold was determined by varying the level of the masker, using an adaptive singleinterval up/down (SIUD Lecluyse and Meddis, 2009) task with initial step-size of
10 dB, and final step-size of 2 dB. On each other trial, the frozen-noise masker was
inverted to allow for cancellation of the noise during OAE measurement. In addition to the normal response trials, 20% of the trials included were ‘catch’ trials, in
which the probe stimulus was not presented (not shown in figure 4.4). These trials
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Noise sample

Speaker 1
(noise)

Speaker 2
(tone−burst)
210 ms

late−onset

10 ms

early−onset

Figure 4.3: Schematic illustrating the generation of the frozen-noise maskers for the
early-onset (right side, in black box) & late-onset (left side, in red box) conditions.
In the illustration, the probe tone is placed at the same temporal position within a
simplified example of a frozen-noise sample as represented by the blue portion of the
noise signal. (Note: The time-varying stimulus fluctuations used in the illustration
are not representative of the actual noise sample. The bandwidth of the broadband
noise used was much wider than is depicted in this illustration, resulting in more
rapid level fluctuations with time.)
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were not included in the final threshold estimate, but were used to monitor subject
performance, as well as to keep the subject ‘on task’ (Lecluyse and Meddis, 2009).
Each presentation was indicated to the subject by a flashing red screen. Following
the presentation, the screen indicated the response period by asking if the subject
‘Did you hear the tone?’, and the subject was directed to click either the left mouse
or right mouse buttons to indicate a response of yes or no, respectively. Following
the subject response, of pause of 1 second was programmatically applied before the
next stimulus presentation, ensuring an inter-stimulus interval (ISI) of at least 1-1.5
seconds between presentations.
Each complete measurement trial (e.g. estimation of masker level at threshold and
OAE measurement) proceeded in the following three phases: (1) up/down procedure
was used to estimate the masker level at threshold as the average of all responses after
first reversal (marked with black circle, figure 2); (2) The masker level was fixed at the
estimated threshold, and OAE measurement commenced (red x markers, figure 4.4).
(3) After 32 OAE measurements, early/late probe positions were switched, keeping
the masker level fixed (black x’s, figure 4.4). During OAE measurement phases (e.g.
Phase 1 & 2), subjects continued to respond.
A total of 64 OAE measurements were obtained in a single trial. Within each
trial, measurements were temporally averaged to obtain a single averaged response
waveform, and analyzed as described in Section 4.4.3. An estimate of the noise
floor was obtained by inverting the phase of every other pair of recordings, averaging
the result, and applying the same LSF filtering technique. A total of 4 trials were
obtained to produce a single average measurement of temporal overshoot and OAE,
in each condition (for a total of 128 runs). Psychoacoustical overshoot was quantified
as the difference between thresholds: Tlate−onset − Tearly−onset . As in Experiment I,
physiological overshoot, as assessed via OAEs was estimated via AUC changes over
the same ‘OAE window’ under the two conditions.
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This procedure was followed for both early/late-onset threshold estimate, however,
OAE measurement (Phase 2 & 3) were not completed during the early-onset condition
because the masker level at threshold obtained during Phase 1 would not be expected
to mask the late-onset condition (see Table 4.2). Therefore, OAE measurements
were only conducted during late-onset masker threshold conditions, which mirrors the
behavioral effect (e.g. late-onset − early-onset). However, the number of trials for each
condition was the same, and the order of presentation (early/late) was randomized
for each subject.
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Threshold measurement
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OAE measurement
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Behavioral
OAE
−10
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Figure 4.4: Schematic of simultaneous psychoacoustical & OAE measurement
paradigm. Measurement of the masked threshold (Blue symbols, Phase 1), immediately followed by continued psychoacoustical measurements with simultaneous
OAE measurement of late-onset (Red X’s, Phase 2), followed by early-onset condition
(Black X’s Phase 3).

4.6.3

Part B: Measurement of temporal overshoot under passive listening conditions

Immediately following the Psychophysical/OAE measurement protocol described
above, an additional ‘Passive’ measurement condition was conducted to determine
potential effects of the subject’s active participation (e.g. attending and responding
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to stimuli). Using the masker thresholds determined for each subject in Part A (e.g.
masker level required to mask late-onset probe stimulus), an additional measurement
of TBOAEs was collected, however, in this instance, with the subjects asked to attend
to a visual stimulus (DVD movie with subtitles) instead of responding to tones. The
probe level was once again fixed at 30 dB SPL, and the ‘frozen-noise’ masker was
set to the late-onset masker level threshold determined in Part A. The temporal
placement of the probe was varied across trials to be either in the early-onset (10-ms)
or late-onset (210-ms) position. Once again, OAE overshoot was estimated as the
differences in OAEs measured in the late-onset versus the early-onset conditions.
In order to provide direct comparison to Experiment I, this experiment followed
the same procedural methods as described in Experiment I. Within each trial, measurements were temporally averaged to obtain a single averaged response waveform,
and analyzed as described above. An estimate of the noise floor was obtained by inverting the phase of every other pair of recordings, averaging the result, and applying
the same LSF filtering technique. Presentation of early-onset / late-onset conditions
was counter-balanced so as to avoid order effects.

4.6.4

Results

Masker levels at threshold for all twelve ears in both early-onset and late-onset
conditions, as well as resultant estimates of temporal overshoot are listed in Table
4.2. All subjects exhibited an overshoot, ranging from 1 dB to 14 dB. However, the
majority of subjects exhibited overshoot effects below 5 dB. Variability of thresholds
across the four trials was relatively small across subjects, indicating that measures of
masker level thresholds were reliable.
Representative analyses of the measured OAE responses acquired during the OAE
measurement phase (e.g. Phase 2 / Phase 3, figure 4.4) are shown in figure 4.52 .
2

Response plots for all subjects are provided in Appendix B
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Table 4.2: Individual subject thresholds for the early-onset (T10ms ), late-onset
(T210ms ), and behavioral overshoot (right column). The standard deviation of each
threshold is presented in parentheses. All values are expressed in dB SPL, except for
overshoot which is expressed in dB.
Subject
T1
T2
T3
T4
T6
T7
T8
T9
T10
T1L
T2L
T6L

T10ms (SD)
58.25 (1.50)
49.00 (0.82)
57.25 (5.68)
53.50 (0.58)
53.75 (0.50)
48.50 (0.58)
47.50 (3.11)
51.50 (1.73)
45.25 (1.71)
55.75 (1.26)
49.50 (1.29)
55.75 (0.50)

T210ms (SD)
59.25 (0.50)
63.00 (2.16)
58.25 (1.26)
58.75 (0.50)
56.00 (0.00)
53.00 (0.00)
55.75 (0.50)
55.00 (0.82)
55.50 (1.73)
58.25 (0.96)
56.50 (0.58)
59.00 (0.00)

Overshoot (SD)
1.00 (1.41)
14.00 (2.00)
1.00 (5.94)
5.25 (0.50)
2.25 (0.50)
4.50 (0.58)
8.25 (2.99)
3.50 (1.00)
10.25 (2.22)
2.50 (2.08)
7.00 (1.41)
3.25 (0.50)

Again, varying degrees of suppression of the OAE responses is depicted in the examples. Of particular note, is that while this subject showed a significant CAS induced
suppression in experiment 1 (figure 4.1, bottom panel), almost no suppression is observed during the OAE window during the same analysis period in this experiment.
In addition, this subject exhibited a large (8.25 dB) psychoacoustic overshoot effect.
Results of the AUC analysis of OAE change are shown for all subjects in figure 4.6.
Overall, variability within subjects was slightly higher than in the CAS condition, as
indicated by SEM error bars. However, this was not entirely unexpected, as OAE
measurements were conducted at the threshold determined in each condition (e.g. 1
of 4 trials), which generally varied by a dB or so between each trial (see Table 4.2).
Furthermore, measurement noise is expected to be slightly higher during a simultaneous psychophysical/OAE measurement task when subjects are actively responding.
However, as a group, there was no significant difference between early- and late-onset
conditions (paired t-test, p=0.06, df=11).
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Figure 4.5: Representative plots of magnitude as function of time, showing analyzed
TBOAE for two subjects (T7, top; T8, bottom). The insets show a close-up of the
analysis area defined by the area of the box (e.g. time = 0.01-0.025ms). The arrow
indicates the preceding stimulus. The black curve is the condition measured without
CAS, the red with CAS. The shaded area represents the standard error of the mean
(SEM).
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Figure 4.6: Plot of the area under the curve (AUC) analysis for early-onset (10ms)
and late-onset (210ms) conditions for all subjects. (Error bars represent the SEM.)
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Figure 4.7: AUC measures for the early-onset (10ms) and late-onset (210ms) conditions for all subjects in the ‘Passive’ condition. (Error bars represent the standard
error of the mean.)
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Figure 4.7, shows the results of the same analysis during the ‘passive’ condition.
The TBOAE measurements were conducted at the mean threshold obtained in Part A
of the experiment. Here, variability was lower, due in part to subject inactivity, as well
as the use of a constant level masker across all measurement trials. However, similar
amounts of OAE suppression were observed in this condition as compared with the
measurements obtained during the simultaneous Psychophysical/OAE measurement
obtained in Part A (figure 4.6).
In order to assess whether the two conditions represent similar measures of physiological overshoot a two-way repeated measures analysis of variance (ANOVA) was
performed with the experimental condition (early-onset vs. late-onset) and task (Behavioral/OAE vs. Passive task) as main factors. A significant main effect of the
experimental condition was observed (F (1, 11)=9.308, p=0.011), while no significant effect of task (F (1, 11)=0.877,p=0.369) and no significant interaction effects
(F (1, 11)=1.072, p=0.3228) were observed. These results suggest that both tasks
provide similar measures of physiological overshoot and that the non-significant differences observed in the Behavioral/OAE task is likely due to increased intra-subject
variability (e.g. increased noise with active participation of the subject). In addition, when compared, both measures show a strong relationship (Pearson’s r =
0.67, p=0.017), indicating that the two measures may be corresponding measures of
OAE-based overshoot.
The relationship between the amount of psychoacoustic overshoot and the change
in OAE AUC between the early/late onset conditions are shown in figure 4.9. In
order to compensate for the baseline amplitude of the TBOAE, AUC differences were
normalized relative to the AUC magnitude in the early-onset condition, to obtain a
value of percent change, as
(AUCearly−onset − AUClate−onset )
∗ 100
AUCearly−onset
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(4.1)
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Figure 4.8: Correlation between normalized AUC difference measures in the Psychophysical/OAE and Passive conditions (Pearson product, r=0.67, p=0.017). Each
subject is plotted using a different symbol as indicated in the legend. Individual subject data is represented by a different symbol. (Error bars represent standard error
of the mean)
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these are compared with psychoacoustic overshoot (plotted in Pascals, for direct
comparison). There was not a strong association between the magnitudes of the OAEbased measures and psychophysical measures of overshoot (Pearson product, r=0.67,
p=0.017). Counter to prediction, suppression appears to be greatest in subjects who
only exhibited small amounts of psychoacoustic overshoot (e.g. T1, T6). Due to the
smaller variability in the ‘Passive’ listening condition, this condition was chosen to
compare with the psychophysical measures (similar results were obtained when using
the Behavioral/OAE measures).
Comparison with CAS-induced suppressive effects
A comparison of the AUC differences observed between early- and late-onset conditions and the CAS-induced suppression effects obtained in Experiment I was done in
order to assess the similarly of the two conditions. Figure 4.10 shows a scatter plot of
the normalized changes in TBOAE between the measure of overshoot obtained in the
‘Passive’ condition versus the CAS-induced suppression of the same TBOAEs. There
was a strong correlation (Pearson’s r=0.659, p=0.019) was found between the two
measures, with subjects exhibiting nearly identical changes (% of baseline TBOAE)
under the two conditions.
This suggests that the changes in TBOAE in the same individual are very similar
when the efferent system is evoked by CAS or with ipsilateral maskers, suggesting
that both are indicators of efferent strength.

4.6.5

Discussion

The simultaneous measures of behavioral and physiological overshoot, assessed
via normalized AUC changes, failed to support a strong dependence of temporal
masking and OAE suppression. However, a similar measure of physiological overshoot, measured while subjects were asked to watch a visual distracter (Part B),
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Figure 4.10: Comparison between normalized AUC measures in the CAS and ‘Passive’ listening conditions. A significant correlation between the measures was found
(Pearson’s r=0.659, p=0.019). Individual subject data is represented by a different
symbol. (Error bars represent standard error of the mean for each measurement)

101

revealed a strong correlation with the same measure conducted during the simultaneous behavioral/OAE measurement (Part A). As shown in figure 4.8, both measures
of OAE suppression (Normalized AUC magnitude, see equation 4.1) were strongly
correlated and the amount of suppression observed was very similar in the two conditions. Furthermore, TBOAE suppression induced by broadband CAS stimulation was
significantly correlated with the TBOAE changes observed with the position of the
tone in the masking noise, indicating that the simultaneous measure of Psychophysical/OAEs was able to capture efferent related activity expressed in the changes in
TBOAE. These changes most likely reflect physiological changes at the level of the
cochlea manifested as changes in TBOAE amplitude, indicating that the use of this
measurement protocol is able to capture such changes.
While a direct relationship between psychophysical and OAE-based measures was
not observed, the consistent TBOAE difference between early and late-onset conditions suggests that the overshoot is in fact mediated to some degree by OHC mechanoelectrical regulation. The fact that larger behavioral overshoot effects observed
in some subjects did not necessarily produce larger amounts of TBOAE suppression
suggests that while efferent regulation of the auditory periphery may only be the first
stage in producing this temporal overshoot, more central processes may play a role
in ‘amplifying/attenuating’ the cochlear changes.

4.7

General Discussion

4.7.1

Relationship between behavioral and physiological measures of temporal overshoot

Several interpretations can be made based on the results of the two experiments
presented. Specifically, at the probe frequencies and masker configurations tested,
(1) Behavioral overshoot is not solely determined by the MOC-mediated regulation
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of cochlear mechanics, or (2) The measurement paradigm used to address this question
was inadequate in addressing this question. While the former interpretation requires
further experimental confirmation, it would suggest that there is not a one-to-one
link between behavioral overshoot and MOC-mediated basilar membrane mechanical
suppression, as hypothesized. However, as described earlier, the results do provide
support for the notion that MOC-mediated regulation of basilar membrane mechanics in implicated in the effect. The latter interpretation may provide useful insight
into the methodological considerations involved in providing this ‘direct’ link between
behavioral and physiological measures of temporal overshoot. For example, perhaps
the SIUD technique employed to obtain behavioral measurement of temporal overshoot resulted in an under estimation of the masker level threshold, resulting in less
suppression of OAEs in the late-onset condition when compared to the early-onset
condition. However, when ‘CAS’ and ‘Passive’ conditions are compared, a strong correlation was observed, providing supporting evidence that the measurement paradigm
implemented to measure physiological overshoot was associated with MOC function
at the level of the cochlea. When thought of as contralateral (‘CAS’) and ipsilateral
(‘Passive’) variants of MOC acoustic stimulation, this relationship would also seem
to be in agreement with results comparing contralateral vs. ipsilateral suppression of
SFOAEs (see figure 9 in Backus and Guinan, 2006).

4.7.2

Masker-probe interactions in temporal overshoot

It has been shown that the presentation of both a single-tone and a wideband
stimulus masker will elicit mechanical BM changes (e.g. excitatory and suppressive
masking) as well as changes in the discharge rates of primary auditory neurons responding to the tone (cf. Delgutte, 1990). Is it possible that the measured changes in
the TBOAEs could be accounted for by non MOC-mediated changes in BM and/or
ANF firing rates?
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Comparison of the TBOAE AUC magnitudes in the CAS0 (tone-alone) with those
from temporal masking conditions, could provide evidence for the nearly instantaneous mechanical suppression of the response to the tone by the noise. The data
from figures 4.2 and 4.7 are re-plotted in figure 4.11 for direct comparison. Overall,
AUC magnitudes were reduced in the early-onset condition when compared to the
tone-alone condition. As efferent effects typically manifest with a time constant in
the range of 100-200ms, this suggests that presentation of the ipsilateral masker produces a mechanical suppression of the tone, which is consistent with the reduction in
BM responses to single tones in the presence of a wideband maskers (Recio-Spinoso
and Lopez-Poveda, 2010), as well as similar measurements of two-tone suppression
(Ruggero et al., 1992).
Further decreases in AUC magnitude from early-onset to late-onset conditions
(e.g. physiological overshoot) implicates an additional mechanical process in the
reduction of BM response. The strong correlation between the AUC changes observed
between the CAS and physiological overshoot conditions (figure 4.10), suggests that
this process is mediated by an MOC-induced gain reduction.
The observed reductions between late and early onset conditions do not support
the alternative hypotheses based on the effects of off-frequency masking, such as
adaptation of mechanical suppression (e.g. Viemeister and Bacon, 1982), which has
been previously proposed as a potential mechanism in temporal overshoot. However,
this does not rule out additional downstream processes, such an ANF adaption of
suppression. The lack of correlation between behavioral and physiological measures
of temporal overshoot may indicate the MOC-mediated gain reductions may only be
a first stage in inducing temporal overshoot, with additional factors such as neural
adaption, contributing at later stages of the auditory processing chain.
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Figure 4.11: Area under the curve (AUC) analysis between tone-alone (CAS0), earlyonset (10ms) and late-onset (210ms) conditions for all subjects. (Error bars represent
the SEM.)

4.7.3

Potential contamination by the middle-ear muscle reflex

While the paradigm outlined in the present paper may provide an indication of
efferent-mediated processes, it is also possible differences observed are the result of
contributions from the middle-ear muscle reflex (MEMR). MEMR activation reduces
sound transmission through the middle ear, thus reducing stimulus levels reaching
the cochlea. Using the level of the stimulus primaries presented in the ear canal, one
can determine if there there are any level differences between the two conditions. If
differences are observed, this may be an indication that the MEMR was activated.
Level differences were computed by subtracting the baseline condition from the
efferent-mediated condition for each experiment (e.g. CAS-NoCAS; OAElate -OAEearly ).
Figure 4.12 shows these level differences for all subjects for all three experiments
105

conducted. A level change in the negative direction indicates that the level of the
stimulus was reduced, while a positive change indicates that the stimulus level increased. Stimulus level differences were analyzed using a paired-samples t-test, and
differences that were found to be statistically different from 0 (at the 5% confidence
level) are marked with a star. With the exception of subject T1 (T1 & T1L), all subjects did not exhibit major stimulus level differences, indicating that the amplitude
of the stimuli remained constant across the different stimulus conditions. Only subject T1, for whom the variability was extremely low, showed a significant difference
in stimulus levels across the CAS & Psychophysical/OAE measurement paradigms.
However, stimulus level differences are small (e.g. 0 − 1µP a or

0 − 0.1dB), and the

small intra-subject variability between measurements is taken to mean that MEMR
activation did not influence the results presented.

4.7.4

Comparison with previous findings

There have been several recent attempts to find a link between behavioral and
OAE-based physiological measures of temporal overshoot.
Keefe et al. (2009) measured SFOAE & behavioral thresholds in a temporal overshoot paradigm using a maximum likelihood (ML) estimation technique but found
little association between the two measures. Using fixed level frozen noise maskers,
they found that SFOAE thresholds did not differ when either presented early or late.
However, using the same stimuli, they found mean behavioral overshoot values in the
same subject group which were comparable to those reported by others (e.g.5-15 dB
Strickland, 2008). In contrast to the current study, their probe consisted of a 4-kHz,
20-ms tone. Their use of a ML threshold estimate technique, though implemented to
keep measurement time to a minimum, constrains thresholds to an assumed underlying psychometric function, which, for the purposes of SFOAE measurement, may not
be a correct assumption.
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Figure 4.12: Stimulus level differences compared across the different experimental
conditions. Each level difference was computed by subtracting the maximum amplitude of evoking tone-burst in the expected efferent-mediated condition from the
baseline condition (e.g. NoCAS-CAS; OAEearly -OAElate ). Differences labeled with a
star represent differences which were significantly difference from 0 at the 0.05 significance level (paired samples t-test). (Error bars represent the standard deviation.)
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In contrast to their finding, Walsh et al. (2010), used a adaptive two-interval
forced choice procedure (2IFC, 3-up, 1-down) to measure behavioral overshoot, and
compared these results to a similar, but not identical measurement of SFOAE. Again,
the stimulus used in was also a 4-kHz probe, but was 10-ms in duration. Although
they observed similar time-courses for the behavioral and physiological measures, they
did not find a direct correlation between the two measures consistent with the results
in this paper. However, they did observe similar time-courses of the behavioral and
physiological measures. However, several dissimilarities between the two measurement
procedures and stimuli, such as differing acoustic delivery systems (Etyomtic ER2 vs. TDH-39) and differing masker levels across the two conditions, make direct
comparison of the two measures difficult.

4.7.5

Limitations of stimulus protocol

For several technical (and historical) reasons, the stimuli used to elicit both behavioral overshoot and OAEs, may have been sub-optimal for eliciting the largest
overshoot effects in the experimental study. Specifically, the use of a low-frequency
probe tone was demanded by the data analysis techniques used in this experiment,
namely a latency based approach to OAE estimation. Perhaps the use of a higher
frequency probe stimulus, such as that used by Walsh et al. (2010), would have provided a more direct relationship between measured OAE suppression and behavioral
overshoot. That said, the methods employed in this experiment were deliberately chosen so as to minimize any signal-processing artifacts, thus providing a more reliable
estimate of OAEs under simultaneous measurement conditions.
Similarly, the use of a broadband temporal masker was chosen so as to keep masker
levels required to produce overshoot low in order to prevent the effects of MEM
contamination, as well as provide adequate low-noise measurement dynamic range
(e.g. avoid clipping). In addition, a broadband masker was chosen so as to maxi108

mize the generalizability to previous investigations. However, notched noise maskers
have been shown to produce large behavioral overshoot effects (cf. Strickland, 2001),
may produce less mechanical suppression of the probe emissions (Recio-Spinoso and
Lopez-Poveda, 2010), and may prove to be a useful temporal masker for subsequent
investigations.

4.8

Conclusions

A combined Psychophysical/OAE procedure was developed to test the hypothesis that temporal overshoot is associated with MOC-induced suppression of basilar
membrane mechanics. Using short, 10-ms tone-bursts, temporal overshoot was measured simultaneously with an OAE-based measure of basilar membrane suppression.
Measurement of TBOAEs was facilitated by using short, 1-kHz tone-bursts, which
allowed the delayed TBOAE response to be separated from the stimulus. While a direct, one-to-one association between the changes in TBOAE level and the changes in
psychoacoustical overshoot was not observed, the method did support the hypothesis
that efferent activation occurs during the overshoot paradigm. When the changes in
TBOAE were compared with an estimate of efferent activation in the same subjects
using contralateral acoustic stimulation, the overall changes were strongly correlated.
Taken together, the experiments indicate that both paradigms presented reflect estimates of efferent strength in individual subjects. The TBOAE technique described
here is a promising tool permitting comparison of various psychophysical phenomena
with a measure of peripheral auditory processing, and may be useful for investigating
a wide range of auditory phenomena.
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CHAPTER 5: Summary & Conclusions

This dissertation presents three stand-alone experiments in which efferent feedback
of the auditory system was investigated in humans. The primary goal of the studies
presented was to help further our current understanding of cochlear function and the
ability of efferent feedback to fine-tune the auditory system in humans. OAEs provide
a unique tool allowing for the separation of cochlear function from more central mechanisms in the auditory system. Efferent function was investigated from three different
perspectives, using OAEs as a non-invasive tool to probe cochlear function as a common theme: (1) Using swept-tone DPOAEs to assess efferent function, (2) Assessing
the potential impact of middle-ear muscle activation on DPOAE-based estimates of
MOCR, and (3) Investigating the link between efferent function and psychoacoustical
measures.
Separation of DPOAE components enables detailed assessment of MOCR
in humans. In chapter 2, the use of swept-tone DPOAEs and DPOAE component
separation was investigated as a tool to assess MOCR strength. Contralateral acoustic stimulation of the MOC system was found to produce both increases and decreases
in DPOAE fine structure amplitude. However, separation of the composite DPOAE
into its two major sources revealed that MOC-mediated changes in DPOAE level
were primarily suppressive (e.g. little enhancement) for both components. Suppressive effects were larger for the reflection component ( 1-4 dB) as compared with the
generator component (0.25-1.5 dB), consistent with the hypothesis that MOCR acti110

vation primarily affects the cochlear mechanisms involved at the reflection site. The
predominately suppressive effects observed suggest that the enhancements in DPOAE
fine-structure are due to the interaction of the two components in the ear canal, and
that component separation provides a significant benefit in assessing MOCR strength
when compared with traditional measures based on the composite DPOAE. When
the reflection component phase lead associated with efferent activation was taken into
account, DPOAE fine structure enhancements were nearly eliminated. Finally, a vector difference technique was proposed, which takes into account both the amplitude
and phase of the composite DPOAE, as a method of estimating MOCR effects when
one is unable to separate DPOAE components.
Simultaneous detection of MEMR & MOCR activation using DPOAE
stimulus primaries.

Activation of the MEMR has the potential to contaminate

estimates of MOCR strength based on DPOAEs. Using the DPOAE stimulus primaries, a technique for the wideband detection of MEMR was proposed in chapter
3. By analyzing the level and phase of the stimulus primaries, one can infer whether
MEMR-induced impedance changes in the middle ear have occurred. CAS levels
that were expected to cover the range of MEMR thresholds revealed that MEMR
activation occurred at lower levels than are commonly used in OAE research. This
finding is consistent with other recent research using simultaneous measurements of
CAS induced changes in OAE and middle ear function (Goodman et al., 2013; Goodman and Keefe, 2006). In addition, the frequency dependence of MEMR activation
across frequency was described, revealing changes over a wider frequency region than
is often assumed. The pattern of changes in primary level and phase across frequency
were consistent with a simple simulation of the stiffness increase of the middle ear.
Monitoring primary level and phase is proposed as a method by which the CAS level
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can be sequentially reduced until no observable MEMR-induced primary level changes
are observed, thereby providing greater confidence in MOCR estimates.
Perceptual consequences of MOCR activation in humans. DPOAEs were
investigated as a tool to measure the activity of efferent feedback at the auditory
periphery. In chapter 4, the potential perceptual consequences of the MOCR were
investigated by examining the relationship between OAEs and behavioral estimates of
temporal overshoot, a psychoacoustic phenomenon hypothesized to stem from efferent
modulation of cochlear function. A paradigm was developed in which simultaneous
TBOAEs and psychoacoustic estimates of masked thresholds could be obtained in the
hopes of evaluating whether there is a direct link between the MOCR and temporal
overshoot. When a signal was temporally delayed from a masker, both psychoacoustic
overshoot and TBOAE amplitudes were reduced. OAE-based measures of temporal
overshoot were found to be significantly correlated with a CAS-induced measure of
MOCR activation using the TBOAE, indicating that both phenomena were associated
with MOCR activity. However, the magnitude of the behavioral and OAE-based
effects were not correlated, suggesting that more central mechanisms may be involved
in psychoacoustic responses.

5.1

Implications & Future Work

OAEs may help to disambiguate auditory disorders stemming from OHC damage
versus those with IHC and/or more central origins. An understanding of how these
processes function in the ‘normal’ auditory system has considerable implications for
the potential diagnosis and treatment of auditory disorders that affect peripheral processing. For example, it has also been hypothesized that efferent function is related
to different types of auditory processing disorders, as well as linguistic and developmental disorders (Abdelrazeq, 2013; Veuillet et al., 2007). The methods presented in
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chapters 2 & 3 provide methodological bases with the potential for improving the assessment of cochlear function, including estimates of the strength of efferent function
in humans. These experiments revealed that DPOAEs can be a useful tool to assess
efferent feedback, but further work is required before they can be used clinically. For
example, assessing the strength of the MOCR in clinical populations using DPOAE
component separation could help establish them as a clinical tool. Further, the development of techniques to untangle MEMR from MOCR effects using DPOAEs is
essential and warrants further exploration.
The methods described in the last study represent a move towards finding direct links between peripheral auditory processing and subjective experience. This
paradigm could be modified to investigate numerous basic research questions, such
as the impact of sensorineural hearing loss on temporal overshoot, the relationship
between efferent function and auditory tuning in noisy environments, efferent effects
on temporal expectation of relevant stimuli, and anti-masking abilities of the efferent
system. The further development of simultaneous measures incorporating OAEs and
psychophysical measures to address unexplained perceptual phenomena enables the
exploration of the complex mechanisms affecting these experiences.

113

APPENDIX A: Estimation of OAEs using the leastsquares fit technique

When the frequency (of interest) of a signal is known, as is usually the case when
analyzing OAE waveforms, a significant advantage can be gained by using a leastsquares spectral analysis (LSSA) technique over a traditional fast-fourier transform
(FFT) technique commonly employed in modern spectral analysis. Using FFT analysis of OAEs, care needs to be taken to that signal frequencies of interest fall within the
center of an FFT bin. As the LSF estimates signal parameters at a given frequency,
this requirement is not needed. Additionally, spectral leakage using an LSF is far
smaller as compared with an FFT, thus, signal separation at nearby frequencies is
more easily accomplished using the LSF. Finally, and related to the former examples,
the resolution of the LSF is not limited by the choice of FFT analysis filter length,
but rather, is constrained by factors such as the signal to noise ratio and sampling
rate, which makes the LSF a more robust method of analyzing time-frequency signals.
However, when it is desired to estimate many signal components, the LSF becomes
computationally expensive when compared to an FFT (e.g. the LSF is essentially a
single-point DFT; the FFT is a computationally efficient method of computing an
N-point DFT).
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Assuming we have a discrete signal, x[n], of a known frequency, f0 , we wish to fit
a model, s[n], with unknown amplitude, A, and phase, φ, given by

s[n] = A ∗ cos(2πf0 n + φ)

n = 0, 1, ..., N − 1

(A.1)

The least-squares estimator is obtained by minimizing,
N −1

J = ∑ (x[n] − s[n])2

(A.2)

i=0

The model estimate can be decomposed into its in-phase and quadrature components, as,

s[n] = A ∗ cos(2πf0 n)cos(φ) + A ∗ sin(2πf0 n)sin(φ)
= α1 cos(2πf0 n) + α2 sin(2πf0 n)

(A.3)
(A.4)

or in matrix form,

s[n] = Uα

(A.5)
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⎦
⎣

(A.6)

where,

This reduces equation A.2 to a linear least-squares (LS) problem, and LS coefficients can be derived as (Hastie et al., 2009),
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α̂ = (UT U)−1 UT x

(A.7)

and we can solve for amplitude and phase of the least-squares fitted model as,

A=

√
α12 + α22

φ = arctan(

−α2
)
α1

(A.8)
(A.9)

This formulation can easily be generalized to include one or more signal components in the model, s[n].
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APPENDIX B: Additional figures: TBOAE analyses for all subjects

The following response plots show TBOAE analysis performed using the LSF
technique (2-ms, 1/10 overlap, fs=44100) described in appendix A. Response plots
are shown for each condition tested in chapter 4 for each subject.
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Figure B.1: TBOAE analyses for (a) CAS (b) Psychophysical/OAE temporal overshoot and (c) Passive temporal overshoot conditions for subject T1
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Figure B.2: TBOAE analyses for (a) CAS (b) Psychophysical/OAE temporal overshoot and (c) Passive temporal overshoot conditions for subject T2
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Figure B.3: TBOAE analyses for (a) CAS (b) Psychophysical/OAE temporal overshoot and (c) Passive temporal overshoot conditions for subject T3
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Figure B.4: TBOAE analyses for (a) CAS (b) Psychophysical/OAE temporal overshoot and (c) Passive temporal overshoot conditions for subject T4

early−onset
late−onset

20

Magnitude (dB SPL)

5
OAE window

10

−3

x 10

30

Magnitude (µPa)

20

Magnitude (dB SPL)

stimulus

T6
noCAS
CAS

0
−10
−20

OAE window
10

5

Magnitude (mPa)

stimulus

T6
30

0
−10
−20

−30

−30

0

0.01

0.02

0.03

0.04

0.05

0.06

0

0.01

0.02

0.03

Time (s)

(a)

0.05

0.06

(b)
30

early−onset
late−onset

20

5
OAE window

10

Magnitude (µPa)

stimulus

T6

Magnitude (dB SPL)

0.04

Time (s)

0
−10
−20
−30

0

0.01

0.02

0.03

0.04

0.05

0.06

Time (s)

(c)

Figure B.5: TBOAE analyses for (a) CAS (b) Psychophysical/OAE temporal overshoot and (c) Passive temporal overshoot conditions for subject T6
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Figure B.6: TBOAE analyses for (a) CAS (b) Psychophysical/OAE temporal overshoot and (c) Passive temporal overshoot conditions for subject T7
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Figure B.7: TBOAE analyses for (a) CAS (b) Psychophysical/OAE temporal overshoot and (c) Passive temporal overshoot conditions for subject T8
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Figure B.8: TBOAE analyses for (a) CAS (b) Psychophysical/OAE temporal overshoot and (c) Passive temporal overshoot conditions for subject T9
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Figure B.9: TBOAE analyses for (a) CAS (b) Psychophysical/OAE temporal overshoot and (c) Passive temporal overshoot conditions for subject T10
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Figure B.10: TBOAE analyses for (a) CAS (b) Psychophysical/OAE temporal overshoot and (c) Passive temporal overshoot conditions for subject T1L
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Figure B.11: TBOAE analyses for (a) CAS (b) Psychophysical/OAE temporal overshoot and (c) Passive temporal overshoot conditions for subject T2L
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Figure B.12: TBOAE analyses for (a) CAS (b) Psychophysical/OAE temporal overshoot and (c) Passive temporal overshoot conditions for subject T6L
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Bennett, C. L. and Özdamar, Ö. (2010). Swept-tone transient-evoked otoacoustic
emissions. J. Acoust. Soc. Am., 128(4):1833–1844.
124

Berlin, C. I., Hood, L. J., Wen, H., Szabo, P., Cecola, R. P., Rigby, P., and Jackson, D. F. (1993). Contralateral suppression of non-linear click-evoked otoacoustic
emissions. Hear. Res., 71(1-2):1–11.
Blood, I. M. and Greenberg, H. J. (1981). Low-level acoustic reflex thresholds. Audiology, 20(3):244–250.
Borg, E. (1972). The dynamic properties of the acoustic middle ear reflex in nonanesthetized rabbits. Quantitative aspects of a polysynaptic reflex system. Acta Physiol.
Scand., 86(3):366–387.
Brass, D. and Kemp, D. T. (1991). Time-domain observation of otoacoustic emissions
during constant tone stimulation. J. Acoust. Soc. Am., 90(5):2415–2427.
Brown, A. and Beveridge, H. (1997). Two components of acoustic distortion: Differential effects of contralateral sound and aspirin. Diversity in Auditory Mechanics,
edited by ER Lewis, GR Long, RF Lyon, PM Narins, CR Steele, and EL HechtPoinar (World Scientific, Singapore), pages 219–225.
Brown, A. M., Williams, D. M., and Gaskill, S. A. (1993). The effect of aspirin on
cochlear mechanical tuning. J. Acoust. Soc. Am., 93(6):3298–3307.
Brown, M. C., de Venecia, R. K., and Guinan, J. J. (2003). Responses of medial
olivocochlear neurons. Experimental Brain Research, 153(4):491–498.
Champlin, C. A. and McFadden, D. (1989). Reductions in overshoot following intense
sound exposures. J. Acoust. Soc. Am., 85(5):2005–2011.
Church, G. T. and Cudahy, E. A. (1984). The time course of the acoustic reflex. Ear
Hear., 5(4):235–242.
Cooper, N. P., Pickles, J., and Manley, G. (2007). Traveling Waves, Second Filters,
and Physiological Vulnerability: A Short History of the Discovery of Active Processes in Hearing. Active Processes and Otoacoustic Emissions in Hearing, pages
39–62.
de Venecia, R. K., Liberman, M. C., Guinan, J. J., and Brown, M. C. (2005). Medial
olivocochlear reflex interneurons are located in the posteroventral cochlear nucleus:
a kainic acid lesion study in guinea pigs. J. Comp. Neurol., 487(4):345–360.
Dean, I., Harper, N. S., and McAlpine, D. (2005). Neural population coding of sound
level adapts to stimulus statistics. Nat Neurosci, 8(12):1684–1689.
Deeter, R., Abel, R., Calandruccio, L., and Dhar, S. (2009). Contralateral acoustic stimulation alters the magnitude and phase of distortion product otoacoustic
emissions. J. Acoust. Soc. Am., 126(5):2413–2424.
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